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Abstract 
 
 
Background    
The survival of preterm infants has increased over the past decades. However, these 
infants are still at high risk of poor growth especially those born at <32weeks gestation 
(very preterm infants, VPT infants). The American Academy of Paediatrics recommends 
that the “postnatal growth of preterm infants in both their anthropometric indices and body 
composition should be the same as the normal fetus of the same gestational age”. VPT 
infants at term equivalent age have been reported to have an increased percent body fat 
(%FM) and a lower fat free mass (FFM) when compared with term born infants. Nutritional 
and non-nutritional interventions during this period before term equivalent age have been 
closely associated with later growth but also with important neurodevelopmental and 
metabolic outcomes. Few studies in VPT infants have reported body compositional 
changes during their hospital stay and before term equivalent age. 
 
Aim 
The aim of this thesis is to assess growth and body composition, and to examine the 
nutritional and non-nutritional predictors of these, in VPT infants during their hospital stay. 
 
Methods 
Growth and body composition were assessed using air displacement plethysmography 
(PEAPOD) to measure %FM and FFM (g) in infants (n=113) born before 32wks gestation 
and studied at 32-36wks post menstrual age (Study Infants). Study infants were compared 
to a second group of preterm infants (n=88) born at 32-36wks gestation who were 
measured at two to five days post-partum, representing in-utero growth (Control group). 
Anthropometric measures for all infants included weight, length, head circumference, 
abdominal circumference and mid upper arm circumference. Actual macronutrient intakes of 
protein, lipid, carbohydrate and energy were calculated in VPT infants from birth until 34 weeks post 
menstrual age from the daily fluid records of parenteral and enteral intake. Infant morbidities and 
maternal characteristics were derived from infant and maternal medical records and examined for 
their effect on VPT infant body composition and growth. A %FM prediction equation for VPT infants 
was developed from the anthropometric measurements. 
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Results 
%FM in study infants at 32-36 weeks PMA was significantly higher than that in control 
infants born at 32-36 wk (p<0.0001). The mean FFM (g) in VPT infants was significantly 
lower than the mean FFM in control infants (p <0.001). The mean protein intake from birth 
to 34wks PMA (2.4 g/kg/day ± 0.4) did not meet the intake recommended by the European 
Society for Paediatric Gastroenterology, Hepatology and Nutrition (ESPGHAN) of 3.5-4.5 
g/kg/day. Total energy (112 kcal/kg/day), lipid (5.2 g/kg/day) and carbohydrate (13.8 g/ 
kg/day) intakes from birth to 34 wks PMA did meet the ESPGHAN guidelines, however, no 
macronutrient reached the recommended level before 14 days after birth. The %FM of 
VPT study infants was most closely associated with PNA and not significantly associated 
with individual nutrient intake after the first three days from birth. There was a negative 
association between early protein, fat and energy intake and absolute fat mass (FM) at 32-
36 weeks. The FFM of these VPT infants was most closely associated with PMA but a 
significant association with individual macronutrients at the range of exposure in this 
cohort was not found. Gestational diabetes appears to influence body composition in very 
preterm infants measured at 32-36 weeks PMA. The best model using anthropometric 
measurements to predict %FM in these VPT infants was 1.07 PNA + 1.71 MUAC+ 0.25 
weight velocity – 9.25.  
Conclusions 
Preterm infants accumulate fat rapidly soon after birth and this appears to be triggered by 
birth. This drive to accumulate fat appears to be intensified when nutrient intake, 
particularly protein, is low. Low nutrient intakes in the first week after birth have the 
strongest influence on fat accumulation and thus early administration of protein and fat 
may reduce fat accumulation in VPT infants.  Monitoring of body composition rather than 
assessment solely by weight gain is important, and is feasible in VPT infants as early as 
32 weeks postmenstrual age by using Air Displacement Plethysmography (ADP). In the 
absence of ADP, an innovative %FM prediction equation using anthropometric 
measurements could be used in VPT infants. 
iii 
 
Declaration by author 
 
This thesis is composed of my original work, and contains no material previously published 
or written by another person except where due reference has been made in the text. I 
have clearly stated the contribution by others to jointly-authored works that I have included 
in my thesis. 
 
I have clearly stated the contribution of others to my thesis as a whole, including statistical 
assistance, survey design, data analysis, significant technical procedures, professional 
editorial advice, and any other original research work used or reported in my thesis. The 
content of my thesis is the result of work I have carried out since the commencement of 
my research higher degree candidature and does not include a substantial part of work 
that has been submitted to qualify for the award of any other degree or diploma in any 
university or other tertiary institution. I have clearly stated which parts of my thesis, if any, 
have been submitted to qualify for another award. 
 
I acknowledge that an electronic copy of my thesis must be lodged with the University 
Library and, subject to the policy and procedures of The University of Queensland, the 
thesis be made available for research and study in accordance with the Copyright Act 
1968 unless a period of embargo has been approved by the Dean of the Graduate School.  
 
I acknowledge that copyright of all material contained in my thesis resides with the 
copyright holder(s) of that material. Where appropriate I have obtained copyright 
permission from the copyright holder to reproduce material in this thesis. 
 
iv 
 
Publications during candidature 
 
Conference abstracts  
 
[1]   Al-Theyab N, Donovan T, Colditz P, Lingwood B. Ex-utero growth in infants born 
before 30 weeks gestation is associated with a significant increase in body fat. 19th 
Annual PSANZ Congress, Melbourne. Australia, April 19-22, 2015. 
 
[2]   Al-Theyab N, Donovan T, Colditz P, Lingwood B. Anthropometric measurements 
predicting adiposity in preterm and full-term infants. 24th Annual RBWH Healthcare 
Symposium, Brisbane. Australia, October 14-16, 2015. 
 
[3]   Al-Theyab N, Donovan T, Eiby Y, Colditz P, Lingwood B. Growth and body 
composition in extremely preterm infants is altered early. The Power of Programming 2016 
Conference in Munich. Germany, October 13 – 15, 2016. 
 
[4]   Lingwood BE, Al-Theyab N, Donovan T, Eiby Y, Colditz P. When and why do very 
preterm infants accumulate fat. 2nd European PEA POD User Meeting, Amsterdam. The 
Netherlands, March 1, 2017. 
 
[5]   Lingwood BE, Al-Theyab N, Donovan T, Eiby Y, Colditz P. When and why do very 
preterm infants accumulate fat? 4th International Conference on Nutrition and Growth, 
Amsterdam. The Netherlands, March 2-4, 2017. 
 
 
Publications included in this thesis 
 
No publications 
  
v 
 
Contributions by others to the thesis  
 
The contribution of others to this thesis has been in the following ways: 
  
 Assistance with recruiting and preterm infant body composition measurements and also   
anthropometric measurements which included weight, height, head circumference, abdominal 
circumference and mid upper arm circumference in the NICU by nurses and medical staff.  
 
 Dr Barbara Lingwood, the University of Queensland, provided guidance as the principal 
supervisor, including substantial contributions to study design, data analysis and interpretation, and 
thesis writing.  
 
 Associate Professor Tim Donovan, the University of Queensland, provided guidance as 
associate supervisor, including substantial contributions to study design, data analysis and 
interpretation, and thesis writing.  
 
 
 
Statement of parts of the thesis submitted to qualify for the award of another degree 
 
None 
 
vi 
 
Acknowledgements 
 
I would like to extend my deepest gratitude and appreciation to Dr. Barbara Lingwood 
for her unwavering support, motivation and patience throughout my arduous PhD journey. 
Her enthusiastic supervision, dedication, constructive criticism, vast knowledge, expertise 
and advice has helped me greatly in my growth as a PhD student, enhancing my interest 
in the area of research and preparing me for the challenges that I will face ahead in the 
years to come. 
 
I would also like to thank Associate Prof. Tim Donovan. I am grateful to him for providing 
me clinical advice, encouragement, good teaching and lots of great ideas during my PhD 
journey. Never would I have thought I would get this journey done without my supervisor’s 
support. I could not have imagined having a better advisors and mentors for my PhD 
study. 
 
My sincere thanks also goes to Dr. Yvonne Eiby for her statistical advice and support. 
Also, I would like to thank all my friends in the Perinatal Research Centre. 
 
I also like to thank Melissa Lai, Kelly McGrory, LiAnn Collie, Jacqueline Plazina, Anja 
Lipponer and all the nursery staff and parents for their assistance with recruiting and infant 
measurements. 
 
I would like to acknowledge the government of the Kingdom of Saudi Arabia, Ministry of 
Higher Education for financial support by awarding me a scholarship. 
 
Finally, a special thanks to my family. Words cannot express how grateful I am to my 
beloved husband Khalid AlSalim. Thank you for supporting and encouraging me 
throughout this experience. To my beloved kids Riyadh, Reema and Abdul, I would like to 
express my thanks for being such good kids always cheering me up. I thank my father 
Abdullah Al-Theyab for always being there for me and encouraging me. To my mother, 
sisters and friends, thank you for supporting me spiritually throughout writing this thesis 
and my life in general. 
vii 
 
Keywords 
preterm infant, body composition, adiposity, fat mass, percent fat mass, lean mass, 
growth, nutrition, energy, protein. 
 
Australian and New Zealand Standard Research Classifications (ANZSRC) 
ANZSRC code: 111403 Paediatrics, 50% 
ANZSRC code: 111199 Nutrition and Dietetics not elsewhere classified, 50% 
 
Fields of Research (FoR) Classification 
FoR code: 1111 Nutrition and Dietetics, 50% 
FoR code: 1114 Paediatrics and Reproductive Medicine, 50% 
  
viii 
 
Contents 
 
 
 
 
 
Abstract ................................................................................................................................. i 
Declaration by author .......................................................................................................... iii 
Publications during candidature .......................................................................................... iv 
Publications included in this thesis ..................................................................................... iv 
Contributions by others to the thesis .................................................................................... v 
Statement of parts of the thesis submitted to qualify for the award of another degree ........ v 
Keywords ........................................................................................................................... vii 
Australian and New Zealand Standard Research Classifications (ANZSRC) .................... vii 
Fields of Research (FoR) Classification ............................................................................. vii 
Contents ........................................................................................................................... viii 
List of Figures ..................................................................................................................... xi 
List of Tables .................................................................................................................... xiii 
List of Abbreviations .......................................................................................................... xv 
Chapter 1 ............................................................................................................................. 1 
Introduction and Literature Review ...................................................................................... 1 
1.1 Introduction ............................................................................................................. 2 
1.2 Literature review ......................................................................................................... 4 
1.2.1   Definition of preterm infants ................................................................................ 4 
1.2.2   Growth in preterm infants ................................................................................... 5 
1.2.3   Body composition ............................................................................................... 7 
1.2.4   Preterm nutritional intake and growth ............................................................... 10 
1.2.5    Recommended dietary intake in preterm and its effect on growth and body 
composition ................................................................................................................. 12 
1.2.6 Protein ................................................................................................................ 14 
1.2.7 Energy ................................................................................................................ 15 
1.2.8 Carbohydrates .................................................................................................... 16 
1.2.9 Lipids .................................................................................................................. 16 
1.3   Aims of the study .................................................................................................... 18 
Chapter 2 ........................................................................................................................... 19 
Early alterations in growth and body composition in very preterm infants.......................... 19 
2.1   Introduction ............................................................................................................. 20 
2.2 Methods .................................................................................................................... 21 
2.2.1 Infant Selection ................................................................................................... 21 
2.2.2 Assessment of body composition ....................................................................... 22 
ix 
 
2.2.3 Statistical Analysis .............................................................................................. 22 
2.2.4 Ethics ................................................................................................................. 23 
2.3 Results...................................................................................................................... 24 
2.3.1 Comparison with term infants ............................................................................. 26 
2.3.2 Body composition in preterm infants .................................................................. 27 
2.4 Discussion ................................................................................................................ 38 
2.5 Conclusion ................................................................................................................ 41 
Chapter 3 ........................................................................................................................... 42 
Maternal characteristics, infant illness and gender factors predictive of growth and body 
composition outcomes for very preterm infants before term corrected age ....................... 42 
3.1   Introduction ............................................................................................................. 43 
3.2   Methods .................................................................................................................. 44 
3.2.1 Statistics ............................................................................................................. 45 
3.3   Results.................................................................................................................... 46 
3.3.1   Factors predicting growth and body composition ............................................. 46 
3.4   Discussion .............................................................................................................. 52 
Chapter 4 ........................................................................................................................... 54 
The effect of macronutrient intake on ex utero Growth and body composition in very 
preterm infants ................................................................................................................... 54 
4.1   Introduction ............................................................................................................. 55 
4.2   Methods .................................................................................................................. 56 
4.2.1   Statistical Analysis ............................................................................................ 58 
4.3 Results...................................................................................................................... 59 
4.4.1   Nutritional predictors of growth ......................................................................... 61 
4.4.2   Nutritional predictors of body composition ........................................................ 62 
4.4.3   Epochs of Parenteral Nutrient Solutions ........................................................... 63 
4.5   Discussion .............................................................................................................. 67 
Chapter 5 ........................................................................................................................... 70 
Development of a Prediction Equation for Estimating Adiposity in Very Preterm Infants ... 70 
5.1   Introduction ............................................................................................................. 71 
5.2   Methods .................................................................................................................. 72 
5.2.1 Development of prediction equations ................................................................. 72 
5.2.2 Validation of prediction equations ....................................................................... 72 
5.3   Results.................................................................................................................... 74 
5.3.1 Equation development ........................................................................................ 74 
5.3.2 Model Validation ................................................................................................. 76 
5.4 Discussion ................................................................................................................ 78 
Chapter 6 ........................................................................................................................... 81 
Discussion and Conclusion ................................................................................................ 81 
x 
 
6.1   Discussion .............................................................................................................. 82 
6.2   Conclusion .............................................................................................................. 84 
References ........................................................................................................................ 85 
 
 
  
xi 
 
List of Figures 
 
 
Figure 1.1    Preterm infant age terminology during the perinatal period 5 
Figure 1.2    Forest Plot of difference in %FM between infants born preterm 
measured at term equivalent age and term infants 
9 
Figure 2.1   Weight at the time of body composition assessment in very preterm 
(VPT) infants and preterm control (PTc) infants. Data presented as 
mean ± SEM. p values indicate significant time and group effects if 
present and the interaction of these. 
28 
Figure 2.2    Length at the time of body composition assessment in very preterm 
(VPT) infants and preterm control (PTc) infants. Data presented as 
mean ± SEM. p values indicate significant time and group effects if 
present and the interaction of these. 
 
29 
Figure 2.3 %FM at the time of body composition assessment in very preterm 
(VPT) infants and preterm control (PTc) infants. Data presented as 
mean ± SEM. p values indicate significant time and group effects if 
present and the interaction of these. 
30 
Figure 2.4   FM(g) at the time of body composition assessment in very preterm 
(VPT) infants and preterm control (PTc) infants. Data presented as 
mean ± SEM. p values indicate significant time and group effects if 
present and the interaction of these. 
31 
Figure 2.5   FFM(g) at the time of body composition assessment in very preterm 
(VPT) infants and preterm control (PTc) infants.  Data presented as 
mean ± SEM. p values indicate significant time and group effects if 
present and the interaction of these. 
32 
Figure 2.6 Head circumference (cm) at the time of body composition assessment 
in very preterm (VPT) infants and preterm control (PTc) infants. Data 
presented as mean ± SEM. p values indicate significant time and 
group effects if present and the interaction of these. 
34 
Figure 2.7 Abdominal circumference (cm) at the time of body composition 
assessment in very preterm (VPT) infants and preterm control (PTc) 
infants. Data presented as mean ± SEM. p values indicate significant 
time and group effects if present and the interaction of these. 
35 
Figure 2.8 Mid upper arm circumference (cm) at the time of body composition 
assessment in very preterm (VPT) infants and preterm control (PTc) 
infants. Data presented as mean ± SEM. p values indicate significant 
time and group effects if present and the interaction of these. 
36 
Figure 2.9 . Relationship between %FM and postnatal age (PNA wks) in very 
preterm (VPT) infants compared with term control infants The broken 
line represents the fitted quadratic function (R2= 0.76) for the VPT 
infants born at less than 32wks gestation. 
 
37 
xii 
 
 
Figure 5.1       
 
Bland and Altman plot comparing the prediction of %FM by the PEA 
POD with the predicted equation with weight velocity.  Bias is indicated 
by the solid horizontal line and limits of agreement by the dotted lines. 
 
 
76 
Figure 5.2      Bland and Altman plot comparing the prediction of %FM by the PEA 
POD with the predicted equation with Length+ sex.  Bias is indicated by 
the solid horizontal line and limits of agreement by the dotted lines. 
77 
 
  
xiii 
 
List of Tables 
 
 
Table 1.1    Classification of Preterm Infants Based on Birth Weight and 
Gestational Age. 
 
4 
Table 1.2     Enteral Macronutrients Recommended by 4 Expert Groups. 13 
Table 2.1 Demographic characteristics of control and very preterm infants by 
postmenstrual age group. p values indicate the significance of any 
differences between postmenstrual age groups. 
24 
Table 2.2   Demographic characteristics and body composition of very preterm 
infants at 40 weeks postmenstrual age compared to healthy infants 
born at term.(Carberry, Colditz et al. 2010) All values are mean (SD) 
unless indicated otherwise 
26 
Table 2.3    FM index and FFM index in very preterm infants and preterm control 
(PTc) infants between 32 and 36 weeks postmenstrual age. Mean 
(SD). 
33 
Table 3.1     Infant characteristics at time of body composition assessment 46 
Table 3.2      Characteristics of male and female infants 47 
Table 3.3     Antenatal characteristics in VPT infants with growth and body 
composition assessed 
48 
Table 3.4    Postnatal characteristics in VPT infants assessed for growth and body 
composition outcome 
49 
Table 3.5    Antenatal and postnatal factors in multiple regression analysis 
associated with %FM n=97   
50 
Table 3.6    Antenatal and postnatal factors in multiple regression analysis 
associated with FM (g) n=97 
50 
Table 3.7    Antenatal and postnatal factors in multiple regression analysis 
associated with FFM (g) n=97 
51 
Table 4.1       Parenteral nutrition macronutrient composition 57 
Table 4.2      Enteral nutrition macronutrient composition 58 
Table 4.3      Infant characteristics at birth and time of body composition 
assessment 
60 
Table 4.4      Infant nutrient intake compared with the recommended intake of the 
European Society for Paediatric Gastroenterology, Hepatology and 
Nutrition (ESPGHAN) 
61 
Table 4.5     Univariate correlations for nutrient intakes with weight velocity 62 
Table 4.6    Macronutrient intakes that were significant predictors of %FM after 
PNA was accounted for (multivariate regression)   
63 
xiv 
 
Table 4.7    Macronutrient intakes that were significant predictors of FM (g) after 
PNA was accounted for (multivariate regression)   
63 
Table 4.8    Energy and macronutrient intake during the three epochs  65 
Table 4.9     Growth and body composition during the three epochs of varying 
parenteral nutrient concentration. 
66 
Table 5.1       Univariate correlation coefficient (R) of infant anthropometric 
measurements with body composition 
74 
Table 5.2      Regression models of independent variables (with weight velocity) for 
prediction model of %FM in VPT infants   
75 
Table 5.3     Regression models of independent variables (with Length) for 
prediction model of %FM in VPT infants 
75 
  
xv 
 
List of Abbreviations 
 
 
 
American Academy of Paediatrics AAP 
Air displacement plethysmography ADP 
Appropriate for gestational age AGA 
Arachidonic Acid  ARA 
Body mass index BMI 
Bio-electrical impedance analysis  BIA 
Dual energy x-ray absorptiometry  DEXA 
Docosahexaenoic Acid  DHA 
Expressed breast milk EBM 
Extremely low birth weight ELBW 
European Society for Paediatric Gastroenterology, 
Hepatology and Nutrition  
ESPGHAN 
Fat free mass FFM 
Percent body fat %FM 
Large for gestational age LGA 
Magnetic resonance imaging  MRI 
Neonatal intensive care unit  NICU 
Postmenstrual age PMA 
Postnatal age PNA 
Small for gestational age 
Skin fold thickness 
Total body electrical conductivity 
SGA 
SFT 
TOBEC 
Very preterm  VPT 
 
 
1 
 
 
 
Chapter 1 
 
Introduction and literature review   
2 
1.1  Introduction 
 
During the last three decades, the survival of premature infants has increased significantly. 
Despite incremental advances in parenteral and enteral nutrient intake during this period, 
preterm infants are still at high risk for poor growth achievements especially those born at 
≤32 week gestation (very preterm infants, VPT infants). It is now clear that fetal or postnatal 
growth restriction carries a high risk for adverse health outcomes in later life as hypothesized 
by Barker (De Boo and Harding 2006). 
 
The American Academy of Paediatrics (AAP) recommends that “postnatal growth of preterm 
infants in both their anthropometric indices and body composition should be the same as 
the normal fetus of the same gestational age” (Ehrenkranz, Younes et al. 1999). In achieving 
higher postnatal growth rates, with high nutrient intakes that approach fetal levels of 
accretion the quality of the observed postnatal growth has been called into question. Body 
composition, measured non-invasively, has become more widely available over the last 6 
years. Growth assessments including this new growth information have reported that 
preterm infants at term equivalent age are lighter, shorter, have a smaller head 
circumference as well as having an increased percent body fat (%FM) and a lower fat free 
mass (FFM) when compared with term infants who have completed their growth in-utero 
(Johnson, Wootton et al. 2012).  
 
A significant association between poor growth and adverse neurodevelopmental outcomes 
in VPT infants has been reported in recent cohort studies (Vinall, Grunau et al. 2013, Lee 
and Hayes 2015). This strong association may be explained by the reduction in FFM in VPT 
infants when they reach term corrected age (Ramel, Gray et al. 2016). The reported high 
%FM in preterm infants at term corrected age is also concerning due to the association with 
an increase in the risk of obesity, type 2 diabetes and cardiovascular diseases in later life 
(Singhal, Wells et al. 2003, Kuzawa, Hallal et al. 2012). It has also been reported that as 
well as nutritional factors, there are a number of non-nutritional factors (maternal 
characteristics, infant morbidity) that have a significant effect on growth in VPT infants 
(Adamkin 2006, Ehrenkranz 2007). Nutritional interventions in VPT infants aim to optimise 
growth and are also highly likely to have important long-term benefits in improved 
neurodevelopmental outcomes and a lower risk of metabolic syndrome in later life. However, 
there is incomplete evidence regarding the influence of nutrition, and other maternal and 
3 
neonatal factors, on body composition in very preterm infants particularly during their 
hospital stay. 
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1.2 Literature review 
 
1.2.1   Definition of preterm infants 
Infants born before 37 weeks' gestation are defined as preterm infants. Preterm infants have 
been classified according to their birth weight and gestational age (Tucker and McGuire 
2009). Table 1.1 shows this classification. 
 
Table 1.1   Classification of Preterm Infants Based on Birth Weight and Gestational 
Age. 
Birth weight(g) Classification 
Birth weight <1,000 Extremely low birth weight (ELBW) 
Birth weight <1,500 Very low birth weight (VLBW) 
Birth weight <2,500 Low birth weight (LBW) 
Birth weight Percentile(g)  
Birth weight for gestational age <10th percentile Small for gestational age (SGA) 
Birth weight for gestational age >10th <90th 
percentile 
Appropriate for gestational age (AGA) 
Gestational age (weeks)  
Gestation age ≤28 weeks Extremely preterm infants (EPT) 
Gestation age ≤32 weeks Very preterm infants (VPT) 
Gestation age between 34 weeks and 36 weeks 
+ 6 days 
Late preterm infants (LPT) 
 
The use of standard age terminology including gestational age, postmenstrual age (PMA), 
chronological age or postnatal age (PNA), corrected age or adjusted age, and estimated 
date of delivery has been recommended during the perinatal period by the American 
Academy of Paediatrics as shown in Figure 1.1 (Engle 2004).   
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Figure 1.1   Preterm infant age terminology during the perinatal period (Engle 2004). 
 
1.2.2   Growth in preterm infants 
Growth is one of the predictors of survival and neurodevelopmental outcome in preterm 
infants. Adequate growth is strongly associated with a lower risk of adverse neurological 
outcomes in extremely low birth weight (ELBW) infants (Claas, de Vries et al. 2011). Current 
reports suggest a close dose-response relationship between weight gain velocity and 
neurodevelopmental outcome. This was examined in 600 infants of birth weight 500-1000g 
when they reached 18 to 22 months of age. In these infants, there was a significant 
relationship between growth velocity, including weight and head circumference, and the 
incidence of cerebral palsy. Infants who exhibited the slowest weight gain velocity were at 
highest risk of poor neurodevelopmental outcomes including Bayley Mental Developmental 
Index <70, Physical Developmental Index <70 and overall neurodevelopmental impairment 
(Ehrenkranz, Dusick et al. 2006). The relationship between poor postnatal growth in VPT 
infants, particularly in reduced head circumference growth (measured 7 days after birth), 
and poorer motor/cognitive performance at seven years of age was reported by Cooke and 
Foulder-Hughes 2003.They found a significant deficit at discharge in weight, length and 
head circumference in preterm infants born at <32 weeks gestation. This deficit correlated 
significantly with poorer motor and cognitive performance at 7 years (Cooke and Foulder-
Hughes 2003). 
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For an extended period, change in weight and length measures have been used as clinical 
indicators of growth, and change in head circumference has been used as an indirect 
measurement of brain growth. Birth weight is also an important measure of fetal growth 
among preterm infants. During the hospital stay in the neonatal intensive care unit (NICU), 
routine measurements of weight, head circumference and length are compared with 
reference growth charts to assess the adequacy of growth being achieved. There are 
several growth charts for preterm infants that have been used for clinical and research 
purposes (Borghi, De Onis et al. 2006, Fenton and Kim 2013). Fenton growth charts are 
among those most commonly used and were generated based on a systematic review of 
the literature in preterm infants (Fenton and Kim 2013). 
  
Comparison of post-natal growth with reference birth anthropometric/gestation growth 
charts indicates that preterm infants are lighter and shorter than full term infants at term 
corrected age (Johnson, Wootton et al. 2012). In a recent systematic review, it has been 
reported that in addition to being an average of 590g lighter, preterm infants (mean gestation 
age at birth 30wks) at term equivalent age, are shorter and have a head circumference less 
than full term infants by 37.1mm and 10.3mm respectively (Johnson, Wootton et al. 2012). 
In another large cohort study, poor in-hospital growth (weight <10th percentile) has been 
evaluated at 36 weeks PMA and was present in 97% of the VLBW infants, although growth 
restriction (<10th percentile for gestation age) at birth occurred in only 22% of these VLBW 
infants (Lemons, Bauer et al. 2001). Poor growth in hospital remains a major concern among 
VLBW infants. It has been suggested that new parenteral and enteral nutritional strategies 
are needed to optimize these infant’s postnatal growth (Lemons, Bauer et al. 2001). In spite 
of the fact that optimal growth for preterm infants has yet to be defined, the current 
recommendation is for a weight velocity that mimics fetal growth of approximately 15 
g/kg/day (Bertino, Coscia et al. 2006). Ehrenkranz et al have reported that once hospitalised 
VLBW infants regained their birth weight, their mean daily weight gain was between 14.4 
and 16.1g/kg/ day, highlighting that the fall across growth percentiles largely occurs in the 
first 1 to 2 weeks post-delivery (Ehrenkranz, Younes et al. 1999). 
  
Whilst the clinical attention given to weight gain is an important concern in VPT infants, the 
quality and composition of this gain has remained an unresolved issue. Rapid weight gain 
and particularly altered composition of weight gain may place the preterm infant at a higher 
risk of long term metabolic consequences. Barker et al found an inverse relationship 
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between birth weight and the risk of type II diabetes, cardiovascular disease and other 
components of the metabolic syndrome later in life (De Boo and Harding 2006). Frankel et 
al explored the relationship between birth weight and body mass index (BMI) in middle age 
with the occurrence of coronary heart disease in later life. They found a positive association 
between low birth weight and the risk of coronary heart disease only among those with a 
high BMI in adulthood, suggesting that initial growth failure followed by increased adiposity 
carried higher adult risk (Frankel, Elwood et al. 1996). A study of boys in Helsinki in the 
period 1924-1933, conducted by Eriksson et al, established a higher death rate among those 
who were <2500g at birth, but had an average or above average BMI from the age of seven 
(Eriksson, Forsen et al. 1999). More recently, a study by Ong et al found that infants born 
SGA  who had weight catch-up in growth by 2years of age had higher BMI’s and had a 
higher central fat distribution at 5years than AGA infants. (Ong, Ahmed et al. 2000). Both 
higher BMI and increased central fat distribution are significantly associated with an 
increased likelihood of metabolic syndrome later in life. These studies point to a link between 
low birth weight, rapid catch-up growth, and increased risk of cardiovascular metabolic 
disease in later life (Eriksson, Forsen et al. 1999). The interaction of body composition in 
this growth, especially in ex-utero growth before term is not known, but could have important 
implications for neurodevelopmental and metabolic outcomes in later life. 
 
1.2.3   Body composition 
Assessment of body composition is useful for monitoring the quality of growth. Measuring 
weight alone provides no information regarding the development of FM or FFM. Two infants 
with the same weight may have different body compositions and importantly different FFM. 
Body composition has been proposed as a better indicator for the quality of growth than 
monitoring weight gain alone (Sauer 2007). 
 
Different methods are available to estimate body composition in a preterm infant population. 
The skin fold thickness method uses callipers to measure the thickness of the skin and 
estimate subcutaneous adipose tissue at various sites on the body. Despite the fact that this 
tool is easily accessible and non-invasive to use, it has remained an unreliable method 
because of the reported interobserver error, variability in conversion formulas used to 
calculate fat index, as well as inability to assess deep fat stores (Schmelzle and Fusch 2002, 
Wells and Fewtrell 2006). Another tool used to assess preterm body composition has been 
bio-electrical impedance analysis (BIA). Multifrequency BIA has been used to quantitate 
different tissue compartments in neonates. Although it is a non-invasive and relatively 
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inexpensive method, it has lacked precision in infant trials, in part due to neonatal 
fluctuations in hydration and accuracy at very low body fat levels seen in many preterm 
infants (Rigo, de Curtis et al. 2001). Magnetic resonance imaging (MRI), ultrasound and 
Dual energy x-ray absorptiometry (DEXA) are also techniques that have been used to 
measure body composition. However, these techniques require the infant to be motionless, 
to be transported and, in DEXA, to be exposed to radiation (Brunton, Bayley et al. 1993). Air 
displacement plethysmography or ADP (PeaPod, COSMED, USA Inc) has become a 
standard for measuring body composition since its introduction in 2004. ADP has provided 
a non-invasive, precise and validated technique to measure body composition for preterm 
infants up to 5 months of corrected age (Ma, Yao et al. 2004, Ellis, Yao et al. 2007, Roggero, 
Giannì et al. 2012, Forsum, Olhager et al. 2016). ADP based body composition reference 
curves have been generated for full term infants (Hawkes, Hourihane et al. 2011). A recent 
study also generated body composition reference curves for AGA preterm infants measured 
at 30-36 of gestation within 72 hours of birth. This report has provided the first FM, FFM and 
%FM reference charts derived at birth from a cohort of preterm infants (Demerath, Johnson 
et al. 2017).   
 
1.2.3.1   Body composition in preterm infants assessed at term corrected age 
Reference data for body composition in full term infants have not been available until 
recently, but have now been reported from a variety of cohorts ranging from 2 weeks to 2 
years of age. This data has provided clinicians with a better knowledge of the quality of 
weight being gained in early infancy by allowing comparison with body composition from a 
derived ‘normal’ population post term. 
 
In term infants, rapid fat deposition occurs mostly in the first month of life (Sauer 2007).  It 
has been shown that between birth and 6 weeks of age % FM doubled (Carberry, Colditz et 
al. 2010). However, in preterm infants the question as to whether fetal values or observed 
ex utero values provide optimal measures of nutritional goals remains uncertain (Sauer 
2007). 
 
Several studies have compared preterm infant body composition at term corrected age, with 
full term infant’s body composition. Roggero et al demonstrated that mean %FM was 
significantly higher in preterm infants at term corrected age when compared to full term 
infants (14.8% vs. 8.59%) (Roggero, Giannì et al. 2009). A systematic review and meta-
analysis compared body composition in preterm infants at term corrected age with that of 
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full term infants. This review reported that preterm infants had a significantly greater total 
body fat at term corrected age by 3.06% (95% CI 0.25%–5.88%, p = 0.03). Fat free mass 
for preterm infants at term corrected age was significantly less than full term infants by a 
mean difference of 460g (95% CI 0.27–0.64, p=0.001) (Johnson, Wootton et al. 2012). The 
mean difference in Total Percent Body Fat (%FM) by mode of assessment among preterm 
infants at term equivalent age compared with that of term controls is shown in Figure 1.2 
(Johnson, Wootton et al. 2012). 
 
  
 
Figure 1.2   Forest Plot of difference in %FM between infants born preterm measured at 
term equivalent age and term infants. 
 
The increase in %FM in preterm infants is associated with gestational age and postnatal 
weight gain. Roggero et al. found a negative correlation between gestational age at birth 
and FM at term corrected age for preterm infants. Postnatal weight gain among VPT infants 
was also found to be positively associated with %FM (Roggero, Giannì et al. 2009).  
 
1.2.3.2   Body composition in preterm infants shortly after birth 
There is a paucity of data on body composition in preterm infants shortly after birth. Three 
studies to date have measured body composition using different methods. The first study 
was done using DEXA in 1997 by Lapillonne et al. Newborn infants whose gestational age 
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ranged from 32 to 41 weeks were measured within 48 hours of birth (Lapillonne, Braillon et 
al. 1997). They reported that FFM and FM compartments in SGA infants were decreased 
significantly compared to those of AGA infants with the same gestation age. The second 
study measured FFM and %FM using ADP within 72 hours of birth among AGA preterm 
infants born between 30 and 36 weeks gestation. FFM increased approximately 2-fold over 
this gestational age range. FM (g) also increased linearly from 100g to 300g over the GA 
range, suggesting these infants are accumulating fat more rapidly than FFM. This study also 
was the first to report a significant difference in %FM between sexes in preterm infants. It 
found that both %FM and absolute FM were higher in female preterm infants than males 
soon after birth (Ramel, Gray et al. 2014). A third study investigated the changes in FFM 
and %FM in preterm infants born after 32 weeks gestation and before 37wks using ADP 
performed at 4 and 9 days postnatally. There was a significant increase in FFM from 2176 
± 297g to 2237 ± 275g between day 4 and 9. This increase was the major contributor to the 
increase in preterm infant body weight during this short postnatal period. %FM was 4.4 - 
4.9% and did not change significantly between day 4 and 9 (Olhager and Törnqvist 2014). 
There are no studies that have assessed body composition before term in infants born 
before 30 weeks gestation. 
 
These reported differences in body composition particularly FFM and %FM in preterm 
infants have yet to be confirmed in other cohorts.  
 
Several studies have reported the effect of illness and morbidity, particularly Chronic 
Neonatal Lung Disease, on preterm infant growth (Clark, Thomas et al. 2003, Garite, Clark 
et al. 2004). However, little is known about the influence of preterm infant illness on body 
composition. It is also important to determine if the changes in body composition are 
correlated with varied nutritional intakes, or with longer term outcomes in a preterm 
population. Preterm nutritional intake can be accurately assessed by volume and nutrient 
concentration of fluids delivered by parenteral and enteral routes until the commencement 
of reliable sucking from the breast at approximately 34 weeks PMA. 
 
1.2.4   Preterm nutritional intake and growth 
The goal of nutritional intake in preterm infants is to achieve postnatal growth rates and body 
composition that are similar to those in-utero at the same equivalent age as stated by The 
European Society for Paediatric Gastroenterology Hepatology and Nutrition (ESPGHAN) 
(Agostoni, Buonocore et al. 2010). Once an infant is ex-utero the optimal provision of energy, 
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protein, lipid and carbohydrate needed to mimic intrauterine anthropometric and 
compositional growth remains undetermined. When preterm birth interrupts fetal nutrient 
supply, it has remained difficult to safely provide sufficient ex-utero nutrient intake to achieve 
growth and body composition that would have occurred in utero (Ziegler 2011). 
 
Enteral nutrition includes breast milk, pasteurized donor human milk (PDHM), standard or 
preterm formula, and the use of multicomponent breast milk fortifiers. However, most ELBW 
infants cannot establish adequate enteral nutrition in their early weeks. These infants 
therefore, are dependent upon parenteral nutrition to attempt to maintain ‘normal’ accretion. 
It has been recommended that parenteral nutrition is started immediately or within a few 
hours of birth to mitigate early catabolism and reduce growth failure. Energy, protein, lipid 
and carbohydrate are then delivered enterally when infants are able to tolerate nasogastric 
intake. It is a common practice in VLBW infant care to commence low volume ‘trophic 
feeding’ during the first 48hrs postnatally.  
 
Breast milk has remained the preferred choice of enteral feed for all preterm infants. Breast 
milk has been conclusively found to reduce feed intolerance and necrotizing enterocolitis 
(NEC) in VLBW infants (Sisk, Lovelady et al. 2007). Expressed breast milk (EBM) has a 
greater nutrient bioavailability for some nutrient components an example of which is the 
structure of the milk fat globule and the presence of bile salt stimulated lipase which enables 
a better absorption of fatty acids from breast milk (Jones and King 2005). Additionally, breast 
milk contains enzymes, hormones and growth factors which play a very important role in 
gastrointestinal growth and maturation of the infant (Bertino, Giuliani et al. 2009). A 
beneficial relationship between IQ and breast milk intake has been reported in preterm 
infants with a birth weight below 1850gm in which those fed donor EBM for at least four 
weeks postnatally, had higher IQ scores at school age than those who had standard formula 
(Lucas, Morley et al. 1992). Early breast milk intake in term infants has been associated with 
improved long-term outcomes including decreased risks of developing cardiovascular 
disease, obesity and type 2 diabetes (Embleton 2013). Despite the beneficial effects of 
human milk, EBM does not fully meet the nutritional requirements needed for preterm 
infants. Its low protein content is of particular concern. Human milk fortifiers are 
recommended to correct the lower nutritional intakes associated with exclusive EBM feeding 
in VLBW infants. It has been established that preterm infants who are exclusively fed EBM 
have poorer growth rates compared with those fed fortified human milk during the first year 
post term corrected age (Jones, Bell et al. 2013).  
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When mothers’ own milk is not available or low in supply, donor milk or preterm formula has 
been recommended. Donor milk is expressed breast milk that is screened, pasteurised and 
derived from mothers who have excess supply to their own infant’s needs. It has been 
reported that preterm infants fed their own mother’s milk (expressed) had greater weight 
gain than preterm infants fed donor milk (Montjaux‐Régis, Cristini et al. 2011). The difference 
in nutritional composition between donor pasteurized EBM and an infant’s own mother’s 
EBM has been reported to include a lower protein and energy content (Vieira, Soares et al. 
2011, Boyce, Watson et al. 2016). Also, pasteurisation has been reported to inactivate 
lipoprotein lipase reducing lipid absorption compared to mother’s own milk. 
 
The major nutrients that have been examined in improving ELBW growth and body 
composition outcomes have been energy, protein, lipid and carbohydrate components of 
preterm nutrient intakes. 
 
1.2.5    Recommended dietary intake in preterm and its effect on growth and body 
composition 
Before adequate enteral nutrition can be established, preterm infants particularly ELBW 
infants require parenteral nutrition from the first day of life and sometimes for a prolonged 
period before enteral feeds are established. To avoid nutritional deficiencies, it has been 
recommended that parenteral solutions should be initiated in the first hour of life and short 
term tolerance concerns have not been reported with this strategy (Senterre, Terrin et al. 
2016).  
 
Two methods have been used to determine the nutrition requirements of a preterm infant: 
the factorial method and the empirical method. The factorial method analysed individual 
nutrient compositions in a cohort of stillborn infants from varying gestational ages and from 
this, derived individual nutrient accretion rates to approximate intrauterine accretion. The 
starting point here is the fetal accretion of body components. In the empirical approach, the 
nutrients are administered to the infant on the basis of the growth response observed 
(Ziegler 2011). 
 
Based on the available scientific evidence and guidelines for the nutritional management of 
preterm infants, several expert groups have provided consensus guidelines for the enteral 
nutritional intakes in preterm infants. Tsang (2005) (Tsang, Uauy et al. 2005) and ESPGHAN 
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(2010) (Agostoni, Buonocore et al. 2010) have provided nutritional guidelines based on a 
preterm infant’s birth weight. The American Academy of Paediatrics (AAP) (Handbook and 
Pediatrics 2009) (Handbook and Pediatrics 2009, Martin, Brown et al. 2009) and The Life 
Science Research Office (LSRO) (Klein 2002) have published similar guidelines for all 
preterm infants without specifying their birth weight. Table 1.2 shows enteral macronutrients 
recommended by these four consensus groups. 
 
Protein has received the most attention and there are many publications contributing 
empirical evidence to recommendations of protein intake (Prince and Groh-Wargo 2013). 
 
Table 1.2    Enteral Macronutrients Recommended by 4 Expert Groups. 
Nutrient LSRO 
Tsang<1000g 
BW 
Tsang<1500g 
BW 
AAP ESPGHAN 
Energy 
Kcal/kg/day 
110-135 
 
130-150 
 
110-130 115-130 110-135 
Protein 
g/kg/day 
2.5-3.6 3.8-4.4 3.4-4.2 3.5-4.0 
BW  1-1.8 kg 
3.5-4 
BW <1 kg   4.0-
4.5 
Fat 
g/kg/day 
4.4-5.7 4.1-6.5 4.1-6.5 3.0-3.5 4.4-6.0 
 
Carbohydrates 
g/kg/day 
9.6-12.5 6.0-15.4 5.4-15.5 8.6-14.4 10.5-12 
 
 
Despite these recommendations, it has remained a challenge for the neonatologist to 
accomplish the recommended nutrient intakes during the hospital stay for a preterm infant 
(Martin, Brown et al. 2009). The American Academy of Paediatrics (AAP) recommends that 
“postnatal growth of preterm infants in both their anthropometric indices and body 
composition should be the same as the normal fetus of the same gestational age”. A number 
of studies have reported improved outcomes in their attempts to replicate fetal growth as 
assessed by anthropometric measures. These studies have largely been observational with 
and without historical control groups and have consistently recommended higher intakes 
parenterally and enterally of protein and energy in particular. To date, none of these studies 
have reported body composition outcomes. 
14 
 
1.2.6 Protein 
Protein intake in preterm infants is essential to promote growth and to increase FFM that 
mimics the growth and body composition of the healthy fetus in-utero. Therefore, providing 
protein (amino acids) earlier and in greater amount is necessary to avoid early catabolism 
and maintain later FFM accretion particularly in VPT infants (Costa-Orvay, Figueras-Aloy et 
al. 2011, Cormack and Bloomfield 2013).  
 
The effect of early and greater administration of protein on anthropometric measurements 
has not been consistent in reports. Several studies have reported that early administration 
of protein has been associated with improved VPT infant growth near discharge. In an 
observational study, neonates who had a protein intake greater than 3g/kg/day before day 
five of life had greater weight, length and head circumference at 36 weeks PMA than 
neonates who received less than 3g/kg/day (Poindexter, Langer et al. 2006). Another study 
found that preterm infants who had administration of amino acids started within 24h of life 
had a greater weight gain at discharge than those who did not receive parenteral support 
until after 24hrs of life (Valentine, Fernandez et al. 2009).  
 
     
Early protein intake also has an influence on body composition. A protein intake with a goal 
of 4g/kg/day in VPT infants during their first week of life had a positive association with FFM 
before hospital discharge (Ramel, Gray et al. 2016). Protein intake with a mean of 2.9 
g/kg/day during the first week of life in VPT infants had also a positive association with FFM 
at a mean of 39.5 weeks (Tremblay, Boudreau et al. 2017). In a randomized control trial, a 
significant improvement in lean body weight of some 300g was seen in VPT infants at term, 
after the introduction of a protein intake of 3.6 g/kg/d compared to 2.7 g/kg/d (Uthaya, Liu et 
al, 2016). 
The outcome of protein supplementation of PDHM and EBM has been examined in a small 
number of randomized trials to date. In a review by Kuschel et al., protein supplementation 
to human milk of 1.5g protein/kg/day resulted in a significant increase in weight, length and 
head circumference assessed at discharge (Kuschel and Harding 2000). A significant 
reduction in postnatal growth faltering in preterm infants fed a protein fortified human milk of 
1.4 g/dL compared to those fed 1 g /dL has been also reported (Miller, Makrides et al. 2012). 
They suggested that higher protein fortification in preterm infants fed EBM may benefit 
growth. A recent study also revealed that a high level of protein fortifier in human milk 
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(increasing protein intakes to 4.6 to 5.5 g/kg/day) is well tolerated and led to an improvement 
in length and weight z-scores over 28 days in a cohort of AGA preterm infants (Olsen, Harris 
et al. 2014). 
 
The effect of higher protein intake on body composition in formula fed preterm infants during 
their first four weeks has been reported by Roggero et al. This study compared a higher 
protein intake (≥ 3 g/kg/day) during the first month corrected age in preterm infants <1800 g 
with an historical control group with lower protein intake (<3 g/kg/day). They reported a 
significant improvement in FFM gain within the higher protein intake group. A negative 
association was shown between protein intake and %FM after the one month protein 
intervention (p=0.002) (Roggero, Giannì et al. 2008). The quality of growth has been 
assessed by DEXA in preterm infants fed a formula enriched with 2.54 gm protein /100kcal 
compared with a standard isocaloric formula containing 2.19 gm protein/100kcal from term 
until 6 months corrected age. Infants fed the enriched formula had lower FM at 6 months 
corrected age than those fed the standard formula or human milk (Amesz, Schaafsma et al. 
2010).   
 
Adequate protein intake is clearly important for maintenance of growth in preterm infants 
especially VPT infants. The effect of protein intake on their body composition prior to term 
is less well understood and more evidence is required. 
 
1.2.7 Energy 
Preterm infants have low energy reserves due to the fact that they are born before fat and 
glycogen reserves have accumulated. In addition, preterm infants require more energy than 
term infants for new tissue synthesis. The lower the gestational age of a preterm infant, the 
more energy standardised for weight that is required to prevent energy deficiency. A 24 
week infant needs more energy/kg/day when compared to a 38 week infant. To allow for 
growth similar to that of the intrauterine growth rate, preterm infants require 110-130 kcal 
/kg/d (Velaphi 2011). 
 
A recent Cochrane review concluded that weight gain improved with energy and protein 
enriched formula compared with standard formula. The range of intakes studied was ≥ 3.0 
g/kg/d but < 4.0 g/kg/d for protein and ≥ 105 kcal/kg/d and < 135 kcal/kg/d for energy in 
formula-fed hospitalized neonates weighing less than 2.5 kg (Premji, Fenton et al. 2006, 
Fenton, Premji et al. 2014). 
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The potential effect of energy intake differences on later neurodevelopment was reported 
by Lucas et al. They found that motor and mental development were better in infants of birth 
weight <1800g  who were randomized to receive a 24kcal/100ml infant formula rather than 
a 20kcal/100ml (Lucas, Fewtrell et al. 2001). 
 
To date, no study has investigated the effect of energy intake on body composition among 
preterm infants.  
 
1.2.8 Carbohydrates 
The rate of glucose utilisation in preterm infants has been reported as approximately 6-8 
mg/kg/min, much higher than in term infants who utilise glucose at a rate of 3-5 mg/kg/min 
(Lucas 2014). Carbohydrate is a major source of energy and is the first nutrient to be 
administered to preterm infants. Carbohydrate is usually delivered in the form of dextrose 
monohydrate commencing at 4-6 mg/kg/min and increasing up to 8-10 mg/kg/min. This 
provides a total of 40-50 kcal/kg/day (Lucas 2014). In many unstable preterm infants, this 
level of intake may induce hyperglycemia which has been managed by reduction in glucose 
intake or exogenous insulin administration (Chawla, Thukral et al. 2008).  
 
Carbohydrates provide energy to support growth but to our knowledge, no study has shown 
the effect of carbohydrate intake on growth and body composition among preterm infants. 
 
1.2.9 Lipids 
Parenteral lipid emulsions are used in total parenteral nutrition to provide an energy supply 
and as a source of essential fatty acids for preterm infants. Lipids are a high density energy 
supply containing 9 kcal/gm compared to the 4kcal/gm delivered by glucose. Parenteral lipid 
emulsion provides from 20-30% of the daily calorie requirements when a dose of 2-
3g/kg/day is given. Essential fatty acids directly affect the growth and neurodevelopment of 
the preterm infant. 
 
 Parenteral lipid administration during the first week of life has been reported to have a 
positive association with weight gain in ELBW infants (Fischer, Maucort-Boulch et al. 2014). 
Among preterm infants of ≤ 28wks gestation, a significant statistical association (p=0.04) 
between mean lipid intake during first two weeks of life and neurological development 
(developmental quotient, DQ) at corrected age of one year has also been reported (Eleni dit 
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Trolli, Kermorvant-Duchemin et al. 2012). However, when early lipid emulsion administered 
parenterally in preterm infants in the first five days after birth was examined in a Cochrane 
review, there were no significant differences in growth outcomes during hospital stay with 
early introduction of lipids at a dose up to 3.5g/kg/day in preterm infants (Simmer and Rao 
2005).  
 
We have been interested in total lipid intake and its effect on growth and body composition. 
However individual lipid constituents and their effect on growth outcomes have also been 
reported in several studies. A Cochrane review has reported randomised interventions with 
long chain polyunsaturated fatty acids (Docosahexaenoic Acid (DHA) and Arachidonic 
Acid (ARA) supplementation on growth and concluded no evident growth effects. (Schulzke, 
Patole et al. 2011). Only one study to our knowledge studied the effect on body composition 
by DEXA in preterm infants fed formula supplemented with ARA and DHA from birth up to 
1 year of corrected age. No difference in growth outcomes was reported, but at 1 year 
corrected age infants receiving the supplement had a significantly higher FFM and less FM 
when compared to those who did not receive the supplements (Groh-Wargo, Jacobs et al. 
2005). 
 
Since insufficient is known about the influence of total lipid intake on growth and body 
composition, the present study will allow the investigation of total lipid intake on growth 
parameters, FFM and %FM in preterm infants born before 32 weeks gestation. 
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1.3   Aims of the study 
 
The following Aims have been established for this study: 
 
1. To determine body composition at birth in a group of infants born between 32 to 36 
weeks of gestation (Control group). 
 
2.  To determine whether body composition in infants born before 32 and measured at 
32 - 36 weeks postmenstrual age is different from control infants born at 32-36 weeks. 
 
3. To assess the effect of non-nutritional factors (maternal characteristics, infant 
morbidity) on growth and body composition in VPT infants. 
  
4.  To assess the effect of macronutrient (protein, lipid and carbohydrate) and energy 
intake on body composition and growth in infants born at <32 weeks gestational age (Study 
infants). 
 
5.  To develop a prediction equation for estimating percent body fat in VPT infants using 
readily available clinical anthropometric measurements. 
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2.1   Introduction 
 
Despite incremental advances in parenteral and enteral feeding, preterm infants are still at 
high risk of poor growth outcomes, especially those born at <32weeks gestation (very 
preterm infants, VPT infants). The American Academy of Paediatrics recommends that 
“growth of postnatal preterm infants in both their anthropometric indices and body 
composition should be the same as the normal fetus of the same gestational age” 
(Ehrenkranz, Younes et al. 1999) Higher nutrient intakes that approach fetal levels of intake 
may achieve higher postnatal growth rates, but the quality of this improved postnatal growth 
has been questioned. In addition to being lighter, shorter and having a smaller head 
circumference, preterm infants at term equivalent age have been reported to have an 
increased percent body fat (%FM) and a lower fat free mass (FFM) when compared with 
term born infants (Johnson, Wootton et al. 2012) To date, few studies in VPT infants have 
reported body composition changes prior to term equivalent age. Knowledge of the timing 
and quantum of body composition outcomes are crucial to designing nutritional and other 
interventions directed at achieving postnatal growth that more closely approximates 
intrauterine growth, not only in terms of weight gain but also in FM and FFM.  
 
The aim of this study was to assess growth and body composition in VPT infants born 
appropriate for gestational age (AGA), from as early as 32 weeks post-menstrual age, and 
to compare this with data collected soon after birth in infants born at 32-36weeks gestation. 
Preterm growth and body composition outcomes were also compared to a selected ‘normal’ 
cohort of AGA infants delivered at term from the same hospital.  
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2.2 Methods 
 
2.2.1 Infant Selection 
Preterm infants were recruited from the Royal Brisbane and Women’s Hospital, Australia 
between 01/04/2011 and 11/07/2016. Infants were considered eligible if they were medically 
stable, required no supplemental oxygen or respiratory support (constant positive airway 
pressure, or high flow nasal cannulae), and were receiving <50 ml/kg/day intravenous 
therapy at the body composition measurement point. When infants were still requiring 
intravenous infusions of <50ml/kg/d, their intravenous lines were flushed and capped during 
measurements. No babies were on parenteral nutrition at the time of measurement. 
 
Two groups of preterm infants were studied. In both groups gestation was based on 
completed weeks. The control group consisted of infants born between 32 and 36weeks 
gestation. In this group, body composition and growth parameters were assessed once 
between days 2 and 5 postpartum. This period was chosen so that body composition was 
assessed at a consistent postnatal time point that was early enough to provide a reliable 
indication of in utero body composition, but late enough to reduce the confounding effects 
of rapid changes in hydration occurring soon after birth.  
 
The study infants comprised very preterm infants born before 32weeks gestation. In this 
group, body composition and growth parameters were assessed between 32 and 36 weeks 
gestation. Some were also measured at 40, 46,50 or 54 weeks gestation. Infants were 
assessed after they became medically stable.  
 
A cohort of term control infants delivered at the same hospital to mothers who had a normal 
BMI (18.8-25) and no diabetes or pregnancy related illness, was used for term equivalent 
comparison (Carberry, Colditz et al. 2010) 
  
Exclusion criteria were birthweight <10th or >90th percentile, (Fenton and Kim 2013) 
chromosomal anomalies, malabsorption, major gastrointestinal surgery or cyanotic 
congenital heart disease.  
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2.2.2 Assessment of body composition 
Body composition measurements were performed using the PEA POD Infant Body 
Composition System (Cosmed, Italy). This method has been previously validated in 
phantoms as well as both term and preterm infants (Sainz and Urlando 2003, Ma, Yao et al. 
2004, Ellis, Yao et al. 2007, Roggero, Gianni et al. 2012). Infant preparation for 
measurement followed standard manufacturer’s recommendations. Hospital identification 
bracelets, umbilical cord clip, nasogastric tubes and ECG-electrodes when present were 
tared before undertaking mass and volume measurements. Infants were naked during all 
measurements. Infant mass was assessed using the integrated scale which is accurate to 
0.1g. Infants were then placed in a closed chamber to determine body volume by measuring 
changes in pressure within the chamber. Whole-body density was derived by dividing body 
mass by body volume. Assuming a two- compartment model, the proportion of fat and fat 
free compartments were derived from body density by algorithms integral to the PEA POD 
system (software version 3.1.0, Body density model: Fomon). 
 
Anthropometric measurements included weight (using the Peapod scale), crown-heel length 
to 0.1cm (using a supine length board), maximal occipito-frontal head circumference to 
0.1cm, mid upper arm circumference to 0.1cm (measured at the midpoint between the 
humeral head and olecranon) and abdominal circumference to 0.1cm (measured at the level 
of the umbilicus). 
 
2.2.3 Statistical Analysis 
Data were analysed using the statistical software SPSS v18 (IBM). Values are expressed 
as mean (SD) in tables and mean ± SEM in figures. One way ANOVA was used to detect 
differences across postmenstrual ages within each study infants. Student’s t-tests were used 
to assess any significant difference between very preterm infants at term equivalent age and 
term infants. The deficit or excess in weight, length, FM, %FM and FFM in very preterm 
infants at term equivalent age is expressed as the difference between the means with 95% 
confidence intervals.  ANCOVAs were used to detect differences in body composition and 
anthropometric variables at 32-36 weeks between very preterm infants and preterm control 
groups (fixed factor), and the effect of postmenstrual age (fixed factor), while controlling for 
sex (random factor), antenatal steroid exposure (random factor), and birth weight z-score 
(co-variate). Pearson correlations were used to assess the relationship between %FM in the 
very preterm infants and age-related variables. Significance was accepted when p<0.05. 
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2.2.4 Ethics 
The study was approved by the Human Research Ethics Committees of both the Royal 
Brisbane and Women’s Hospital and the University of Queensland. Parents of all 
participants provided informed written consent. 
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2.3 Results 
 
Eighty-eight infants were recruited for the preterm control group and measured at 2-5 days 
after birth. Eighty-seven very preterm infants were recruited and were assessed at 32 to 36 
weeks postmenstrual age. Characteristics of the infants are shown in Table 2.1. There was 
no difference in birth gestation or birthweight between postmenstrual ages within the very 
preterm group (P=0.12 and 0.18). There was no difference in birthweight z-score between 
postmenstrual ages within each study infants (P=0.57 and 0.10). The mean birthweight Z-
score of the very preterm infants was 0.18 (0.65) and this had fallen to −0.92 (0.63) by the 
time of body composition measurement at 32-36 weeks, consistent with postnatal growth 
faltering. The mean birthweight Z-score of the preterm control infants was -0.28 (0.58) and 
this was lower than the very preterm infants (p<0.001).  
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Table 2.1   Demographic characteristics of control and very preterm infants by 
postmenstrual age group. p values indicate the significance of any differences 
between postmenstrual age groups.   
 
PNA = postnatal age 
 
 
 
 
Preterm control infants (PTc) N = 88. All values are mean (SD) unless indicated otherwise. 
Postmenstrual age  
(completed weeks) 
32 33 34 35 36 p value 
N 19 17 22 16 14  
Birth GA, wk  32.4 (0.2) 33.4 (0.3) 34.3 (0.2) 35.3 (0.2) 36.2 (0.2) <0.001 
Birth weight, g 
1750 
(195) 
2019 
(276) 
2212 
(251) 
2420 
(272) 
2450 
(188) 
0.001 
Birth weight z-
scores 
-0.30 
(0.47) 
-0.16 
(0.62) 
-0.21 
(0.62) 
-0.25 
(0.63) 
-0.50 
(0.53) 
0.57 
PNA, wk 0.6 (0.1) 0.5 (0.1) 0.5 (0.2) 0.4 (0.2) 0.5 (0.2) 0.46 
Male gender N (%) 12 (63%) 10 (58%) 11 (50%) 7 (43%) 5 (35%) 0.54     
Very preterm infants (VPT) N = 87.  All values are mean (SD) unless indicated otherwise. 
Postmenstrual age  
(completed weeks) 
32 33 34 35 36 p value 
N 26 9 12 18 22  
Birth GA, wk  29.8 (1.1) 28.3 (1.1) 29.0 (2.2) 29.6 (1.6) 28.6 (2.5) 0.12 
Birth weight, g 
1437 
(289) 
1034 
(318) 
1232 
(345) 
1298 
(297) 
1312 
(412) 
0.18 
Birth weight z-
scores 
0.22 
(0.67) 
0.32 
(0.63) 
-0.16 
(0.62) 
0.01 
(0.74) 
0.40 
(0.44) 
0.10 
PNA, wk 2.5 (1.1) 2.9 (1.2) 5.3 (2.2) 5.8 (1.7) 7.6 (2.5) <0.001 
Male gender N (%) 17 (65%) 3 (30%) 6 (50%) 10 (55%) 9 (40%) 0.37 
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2.3.1 Comparison with term infants 
The measurements obtained in very preterm infants at term equivalent age were compared 
with a group of 45 healthy infants born at term (37-42 weeks) to mothers with a normal BMI 
(18.5-25), and measured at 1-4 days after birth, (Carberry, Colditz et al. 2010) to confirm 
that our preterm cohort was behaving similarly to previously reported preterm cohorts 
assessed at term (Johnson, Wootton et al. 2012) Demographic and body composition 
comparisons are shown in Table 2.2. 
 
Table 2.2 Demographic characteristics and body composition of very preterm infants 
(VPT) at 40 weeks postmenstrual age compared to healthy infants born at term. 
(Carberry, Colditz et al. 2010) All values are mean (SD) unless indicated otherwise. 
. 
 
 
 
 
 
 
 
 
 
 
 
 
PMA = postmenstrual age, PNA = postnatal age 
 
The mean weight at term equivalent age in the very preterm infants was 480g (261-699g, 
p<0.001) lower than in term control infants and the very preterm infants were 3.6cm (2.3-
4.8cm, p<0.001) shorter than term infants (Table 2.2). At term equivalent age, the mean 
%FM in very preterm infants was 13.3 percent points (11.2-15.3%, p<0.001) higher than in 
 
VPT infants  
N=19 
Full term infants 
N=45 
P 
Birth GA, wk  28.8 (1.8) 40.0 (1.1) <0.001 
Birth weight, g 1179 (317) 3593 (392) <0.001 
Male gender N (%) 10 (52%) 24 (53%) 0.96 
At Term 
PMA, wk 39.6 (0.4) 40.3 (1.1) 0.56 
PNA, wk 11.0 (2.0) 0.3 (0.1) <0.001 
Weight, g 2906 (381) 3386 (408) <0.001 
Length, cm 47.6 (2.2) 51.2 (2.2) <0.001 
%FM 23.0 (3.5) 9.7 (3.8) <0.001 
FM, g 676 (161) 336 (153) <0.001 
FFM, g 2230 (266) 3049 (325) <0.001 
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term control infants, and absolute FM in the very preterm infants was 340g (255-425g, 
p<0.001) greater than term control infants (Table 2.2). At term equivalent age the FFM in 
very preterm infants was 819g (650-989g, p<0.001) lower than term control infants (Table 
2.2). 
 
2.3.2 Body composition in preterm infants 
All analyses are adjusted for sex, exposure to antenatal steroids and birthweight z-score 
therefore we have only reported the main effects of group and postmenstrual age. 
Interactions and sex effects are described if present. There was no significant association 
between any measure of body composition and infant morbidity indicators including 
gestation at birth, birthweight, time on oxygen or intubated, or antibiotic treatment.  
 
All variables increased with postmenstrual age (p<0.001). Boys were heavier than girls 
(p=0.007) but when sex was controlled for, very preterm infants were still lighter than preterm 
control infants over the 32-36week period (p<0.001) (Fig 2.1). The very preterm infants were 
significantly shorter than preterm control infants over the 32-36week period (p<0.001) (Fig 
2.2).  
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Figure 2.1   Weight at the time of body composition assessment in very preterm (VPT) 
infants and preterm control (PTc) infants. Data presented as mean ± SEM. p values indicate 
significant time and group effects if present and the interaction of these. 
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Figure 2.2   Length at the time of body composition assessment in very preterm (VPT) 
infants and preterm control (PTc) infants. Data presented as mean ± SEM. p values indicate 
significant time and group effects if present and the interaction of these. 
 
The very preterm infants had significantly increased %FM and absolute FM compared to the 
preterm control group during the 32-36week period (p<0.001) (Fig 2.3 and 2.4). The 
significant interactions between group and postmenstrual age suggest that %FM and 
absolute FM increased more rapidly in the very preterm infants (p<0.001). FM index followed 
a similar pattern (p<0.001 for group effect and interaction) (Table 2.3). Antenatal steroid 
exposure did not have a significant effect on any measure of adiposity.  
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Figure 2.3   %FM at the time of body composition assessment in very preterm (VPT) 
infants and preterm control (PTc) infants. Data presented as mean ± SEM. p values 
indicate significant time and group effects if present and the interaction of these. 
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Figure 2.4   FM(g) at the time of body composition assessment in very preterm (VPT) 
infants and preterm control (PTc) infants. Data presented as mean ± SEM. p values 
indicate significant time and group effects if present and the interaction of these. 
 
 
Boys had a higher FFM than girls (p=0.001) but when this effect was controlled for, the very 
preterm infants had a significantly lower FFM compared to preterm control infants from 32 
to 36 weeks (p<0.001) (Fig 2.5). A significant interaction between group and postmenstrual 
age suggests that FFM increased more slowly in very preterm infants than in preterm 
controls (p<0.007). FFM index was also significantly lower (p<0.001) in very preterm infants 
than in preterm controls but there were no sex effects and no interaction with postmenstrual 
age (Table 2.3).  
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Figure 2.5   FFM(g) at the time of body composition assessment in very preterm (VPT) 
infants and preterm control (PTc) infants.  Data presented as mean ± SEM. p values 
indicate significant time and group effects if present and the interaction of these. 
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Table 2.3   FM index and FFM index in very preterm (VPT) infants and preterm control 
(PTc) infants between 32 and 36 weeks postmenstrual age. Data presented as mean 
± (SD). 
 
*Significantly different to PTc across all time points (p<0.001). 
 
Head circumference was greater in boys than girls (P=0.015) and, after controlling for sex, 
very preterm infants had a smaller head circumference than preterm control infants 
(p<0.001) (Fig 2.6). Abdominal circumference did not differ between very preterm and 
control infants (P=0.068) (Fig 2.7). Mid upper arm circumference was also similar in the two 
groups (P=0.067) although a significant interaction suggests mid upper arm circumference 
increased more rapidly in very preterm infants than in preterm control infants (P=0.002) (Fig 
2.8). 
 
Postmenstrual 
age  
(completed 
weeks) 
 
32 33 34 35 36 
N 
PTc 
Infants 
19 17 22 16 14 
 
VPT 
Infants 
26 9 12 18 22 
FM index, kg/m²  
PTc 
Infants 
0.50 (0.31) 0.67 (0.38) 0.80 (0.35) 0.81 (0.57) 0.94 (0.37) 
 
VPT 
Infants* 
0.69 (0.39) 0.92 (0.43) 1.00 (0.52) 1.96 (0.61) 2.19 (0.83) 
FFM index, 
kg/m² 
PTc 
Infants 
8.31 (0.43) 8.92 (0.59) 9.02 (0.86) 9.98 (1.86) 10.13(1.22) 
 
VPT 
Infants* 
8.48 (0.54) 8.74 (0.82) 9.02 (0.65) 9.35 (0.78) 9.54 (1.69) 
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Figure 2.6   Head circumference (cm) at the time of body composition assessment in very 
preterm (VPT) infants and preterm control (PTc) infants. Data presented as mean ± SEM. 
p values indicate significant time and group effects if present and the interaction of these. 
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Figure 2.7   Abdominal circumference (cm) at the time of body composition assessment in 
very preterm (VPT) infants and preterm control (PTc) infants. Data presented as mean ± 
SEM. p values indicate significant time and group effects if present and the interaction of 
these. 
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Figure 2.8   Mid upper arm circumference (cm) at the time of body composition 
assessment in very preterm (VPT) infants and preterm control (PTc) infants. Data 
presented as mean ± SEM. p values indicate significant time and group effects if present 
and the interaction of these. 
 
2.3.3 Predictors of %FM 
Postnatal age and post-menstrual age were both significant predictors of %FM at 
measurement (p<0.001) with postnatal age being the strongest predictor (R²=0.65). The 
relationship between postnatal age and %FM did not appear to be linear (Fig 2.9). A better 
fit was obtained with a quadratic function (R²=0.76). This trajectory in %FM over increasing 
postnatal age in very preterm infants at 6,13 and 20 was closely aligned to that observed in 
a group of healthy, predominantly breast-fed infants born at term (37-42weeks) and 
measured at birth, 6, 13 and 20weeks after birth (Carberry, Colditz et al. 2010).  
. 
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Figure 2.9  Relationship between %FM and postnatal age (PNA wks)  in very preterm (VPT) 
infants  () compared with  term control  infants (solid line±SEM).(Carberry, Colditz et al. 
2010) The broken line represents the fitted quadratic function (R2= 0.76) for the VPT infants 
born at less than 32wks gestation. 
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2.4 Discussion 
 
This study supports findings from other studies that preterm infants have higher %FM and 
lower FFM at term equivalent age compared to term born infants. (Johnson, Wootton et al. 
2012) We found that this trajectory to a higher %FM starts as early as 32 weeks post 
menstrual age in very preterm infants. This finding is also reflected in mid upper arm 
circumference which increases more rapidly in very preterm infants than in preterm control 
infants over the 32-36 week period. Comparison with recently published preterm reference 
charts of body composition soon after birth indicates that at 32 weeks %FM is already close 
to the 75th percentile and by 36 weeks %FM is above the 95th percentile (Demerath, Johnson 
et al. 2017)  
 
There are several factors that may contribute to increased fat deposition and the observed 
deficit in FFM postnatally in very preterm infants. It is important to recognize that the increase 
in %FM is not simply due to reduced FFM. There is also a significant and large increase in 
absolute FM with mean FM in very preterm infants at term equivalent age being 676g 
compared to a mean FM of 336g in term control infants. Corticosteroid treatment leads to 
increased fat accretion and increased protein breakdown and thus could be associated with 
an increased adiposity and impaired FFM accretion in very preterm infants (Olsen, 
Richardson et al. 2002) Antenatal steroid treatment has also been associated with reduced 
birthweight, and in one study was associated with a higher FFM deficit at discharge in male 
preterm infants (Simon, Frondas-Chauty et al. 2014) We did not find any association 
between antenatal steroid treatment and adiposity suggesting that antenatal corticosteroid 
treatment is not associated with the increased fat accretion observed in very preterm infants 
in this study. Only 3 of the 87 very preterm infants in this cohort were treated with postnatal 
steroids indicating that high fat accretion in this group was not the result of postnatal steroid 
treatment. 
 
Inadequate postnatal nutritional intake can have a long lasting effect on growth as well as 
neurodevelopmental outcome (Hay Jr 2008). As FFM gain is a marker of protein accretion, 
low protein intake in the early postnatal life of these very preterm infants may be in the causal 
pathway for the decreased FFM accretion observed in this study. Energy intakes surplus to 
requirements in early postnatal life could also account for the higher adiposity in these very 
preterm infants. The relationship between infant body composition and nutritional intakes in 
this study is to be explored in a further analysis.  
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It is possible that fat accretion after birth is an adaptive change that occurs in response to 
the ex- utero environment. Our data in Fig 2.9 suggest that the pattern of fat accretion after 
birth in very preterm infants has a very similar trajectory to the adiposity changes that occur 
following birth in term infants. In both very preterm infants and term control infants %FM 
increases rapidly after birth to reach a maximum of approximately 27% by 5months postnatal 
age. This suggests that fat accretion may be triggered by birth itself independent of 
gestational age. This hypothesis is supported by data from Roggero et al. (Roggero, Giannì 
et al. 2008) who reported that at 4 and 5months corrected age, preterm infants had similar 
%FM to full term infants at the same age. It is also supported by the findings of Butte et al. 
(Butte, Hopkinson et al. 2000) who reported that at 12months corrected age, preterm infants 
had similar %FM to the full term infants at the same age. If fat accretion is an adaptive 
change triggered by birth then the American Academy of Pediatrics recommendation that 
“growth of postnatal preterm infants in both their anthropometric indices and body 
composition should be the same as the normal fetus of the same gestational age” 
(Ehrenkranz, Younes et al. 1999), may be both impossible to achieve and an inappropriate 
goal.  
 
Exposure to factors such as a reduced skin temperature or an intermittent nutrient supply 
after birth may activate a programmed response designed to improve temperature regulation 
and/or provide an energy reserve. Fat accretion may increase neonatal survival in both term 
and very preterm infants following separation from the isothermic intrauterine environment 
and the continuous nutrient supply provided by the placenta. Intermittent feeding postnatally 
leads to fluctuating glucose levels and complex hormonal adaptation. Maturation of insulin 
secretion after birth includes an increased responsiveness to glucose and fluctuating levels 
of insulin associated with intermittent feeding (Dhawan, Tschen et al. 2015) These are 
known to stimulate the accretion of fat. In addition, leptin levels are high in the fetus but 
decrease soon after birth (Martínez-Cordero, Amador-Licona et al. 2006) with this decrease 
associated with increasing %FM. 
 
At term equivalent age, the deficit in FFM in this cohort of very preterm infants was almost 
double the deficit in absolute weight (820g vs 480g). However, this deficit in FFM 
commences much earlier. At 32 weeks postmenstrual age mean FFM in the very preterm 
infants is already below the 50th percentile, and falls to below the 10th percentile of published 
body composition reference data by 36 weeks (Demerath, Johnson et al. 2017) Similar 
changes are seen in length and head circumference - other important markers of lean mass. 
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The early significant reduction in FFM found in this study is of concern in light of recent 
findings that neurodevelopmental outcome in very preterm infants is closely associated with 
growth in FFM and shows no association with growth in FM (Ramel, Gray et al. 2016) If fat 
deposition after birth is obligatory and is not due to postnatal nutrition, then growth 
assessment in very preterm infants that measures total weight alone will continue to 
underestimate true FFM accretion. Growth targets need to reflect this inherent programming. 
It may be necessary to increase the attention paid to FFM gain rather than focussing on 
lowering the %FM in preterm infants to optimise brain development.  
 
This study was limited by the nature of the preterm control group. Normal preterm body 
composition was assessed soon after birth in infants born at 32-36 weeks but these infants 
may not represent normal in utero growth. This is evident from the lower birthweight Z-score  
in the preterm control infants even after those with a birthweight below the 10th percentile 
was excluded. However, despite this both the %FM and the FFM in our control population 
are very close to the recently published 50th percentile values (Demerath, Johnson et al. 
2017) In addition, it is unlikely that the observed lower %FM in the preterm control group 
compared with the very preterm infants was due to their low birthweight Z-score as there 
was no relationship between birthweight Z-score and %FM within the preterm control infant 
group. The lower birthweight Z-score observed in the preterm control group has been 
reported by others to be associated with a reduced FFM (Lapillonne, Braillon et al. 1997) If 
an ideal control could be recruited (and we are not sure this is possible), it is likely that the 
FFM of the control group would be higher than in our population, and thus the true deficit in 
FFM is likely to be greater than we have observed.  
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2.5 Conclusion 
 
Our results suggest that preterm infants accumulate fat rapidly soon after birth and this may 
be triggered by birth or associated events. Monitoring of body composition rather than 
assessment solely by weight gain is feasible in very preterm infants from as early as 32 
weeks corrected age using Air Displacement Plethysmography. Body composition 
assessment may become clinically necessary if the close association of FFM deficit with 
adverse neurodevelopmental outcome is confirmed. Future intervention trials aimed at 
improving growth outcome for very preterm infants should include assessment of both 
anthropometric and body compositional outcomes. This would allow development of 
nutritional interventions directed at FFM accretion with its likely improvements in 
neurodevelopmental outcome for these infants. 
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Chapter 3 
 
Maternal characteristics, infant illness and gender factors 
predictive of growth and body composition outcomes for very 
preterm infants before term corrected age 
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3.1   Introduction 
 
Body composition changes in VPT infants during their inpatient stay have been shown to be 
predictive of later metabolic and neurodevelopmental outcomes (Singhal and Lucas 2004, 
Ramel, Gray et al. 2016). It remains important to assess the body compositional component 
of growth in these VPT infants to expand the current knowledge of the effect of antenatal 
and postnatal factors, infant gender and birthweight z-score as well as neonatal nutritional 
factors. Nutritional determinants of infant body composition will be considered separately in 
the next chapter. 
 
A number of studies have reported maternal morbidities associated with changes in fetal 
growth and newborn body composition at term (Catalano and Ehrenberg 2006, Jabeen, 
Yakoob et al. 2011, Lingwood, Henry et al. 2011). Antenatal factors including increased 
maternal body mass index (BMI) and gestational diabetes have an effect on later infant 
growth and body composition and are associated with increased birthweight and %FM. 
 
Infant sex could also have an effect on growth and body composition in infants. It has been 
shown that female infants have higher %FM than male infants at their term birth (Carberry, 
Colditz et al. 2010). Size at birth categorized according to birth weight z-score has also been 
reported to have an impact on growth and body composition measured soon after birth. 
Infants that are born small for gestational age (SGA) have a reduced absolute FM at birth 
compared to infants born with a birthweight appropriate for gestational age (AGA) (Ibáñez, 
Sebastiani et al. 2010). 
 
It is well established that VPT infants experience postnatal growth failure during their nursery 
stay (Cooke 2016). Multiple cohort studies have associated the severity of illness in VPT 
infants with their postnatal growth failure (Griffin, Tancredi et al. 2015, Regev, Arnon et al. 
2016). However, there still remains a lack of literature on the effect of infant illness on body 
composition. 
 
The aim of this chapter of the thesis was to identify antenatal and postnatal factors that were 
significant predictors of later growth and body composition in VPT infants. 
44 
3.2   Methods 
 
Preterm infants were recruited from the Royal Brisbane and Women’s Hospital, Australia between 
01/04/2011 and 11/07/2016. Infants were considered eligible if they were born before 32 weeks 
gestation, were medically stable, required no supplemental oxygen or respiratory support (ie. constant 
positive airway pressure, or high flow nasal cannulae) at the time of body composition measurement 
and were receiving <50 ml/kg/day of intravenous therapy at each body composition measurement. 
Infants eligible for measurement who were still receiving an intravenous infusion of <50ml/kg/d, had 
their intravenous lines flushed and capped before body composition assessment. For this analysis, 
small for gestational age (SGA, n=4) and large for gestational age (LGA, n=6) infants were included 
with the 87 appropriate for gestational age infants (AGA) described in the previous chapter. As 
previously outlined, VPT infants were excluded if they had a chromosomal anomaly, any known 
enteral malabsorption, major gastrointestinal surgery or cyanotic congenital heart disease. 
 
Body composition was measured at 32-36 weeks postmenstrual age. Body composition 
measurements were performed using the PEA POD Infant Body Composition System (Cosmed, 
Italy) as described in the previous chapter. 
 
Weight velocity and change in weight z-score from birth until body composition measurement were 
chosen as the growth outcomes in this study as these derived measures of growth have clear 
comparators in published reports and have been recommended for monitoring growth by expert 
consensus (Cormack, Embleton et al. 2016).  Weight velocity in g/kg/day was calculated using Patel's 
equation [111].  
Weight velocity = [1000 x ln (Wn/W1)]/ (Dn-D1)  
Where Wn = weight at body composition measurement, W1 = Birth weight and Dn-D1 = PNA in days 
or days from birth to measurement. 
 
Maternal characteristics investigated were pre-pregnancy body mass index (BMI), maternal 
age at delivery, diagnosis of type 1 diabetes, type 2 diabetes, gestational diabetes, pre-
pregnancy hypertension or pre-eclamptic toxaemia, and mode of delivery (vaginal or 
caesarean delivery). 
 
Preterm infant factors investigated included gender and birth measurements reflective of 
fetal growth. Infant morbidity factors included hours on supplemental oxygen, hours of 
intubation, episodes of septicaemia (defined as blood culture positivity treated with >72hrs 
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of antibiotics), necrotizing enterocolitis (NEC) defined as Bell Stage 2 or greater (Bell, 
Ternberg et al. 1978), days on antibiotics and days on oral probiotics. 
 
3.2.1 Statistics 
Data were analysed using the Statistical Package for Social Sciences (SPSS), version 18 (IBM). 
Values are expressed as mean  SD in tables. Univariate analyses using Pearson’s Coefficient were 
used to identify the variables correlated with growth (weight velocity and change in weight z-score) 
and body composition (%FM, FM, FFM) outcomes. Each significantly correlated infant morbidity as 
continuous or categorical variables and each significantly correlated maternal characteristic as 
categorical variables were examined with postnatal age (PNA) or postmenstrual (PMA) age in a 
series of multiple regression analyses. Significance was accepted when the chance of an  error was 
p <0.05. 
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3.3   Results 
 
3.3.1   Factors predicting growth and body composition 
In this chapter, the effect of antenatal and postnatal factors on the VPT infant growth and 
body composition were examined. The VPT infant growth and body composition 
characteristics at the time of measurement are shown in Table 3.1.  
 
Table 3.1    Infant characteristics at time of body composition assessment 
Infant cohort n=97 
Birth GA, wk 29.3 ± 1.9 
Birth weight, g 1334 ± 359 
Birth weight z-scores 0.20 ± 0.78 
Male gender n (%) 50 (51%) 
PMA, wk 34.4 ± 1.5 
PNA, wk 5.0 ± 2.7 
Weight, g 1942 ± 419 
Length, cm 42.9 ± 3.0 
HC, cm 30.9± 2.6 
Weight z-score -0.91 ± 0.66 
Length z-score -0.83 ± 0.95 
HC z-score -0.47 ± 0.83 
Difference in weight z-score -1.15 ± 0.72 
Weight velocity, g/kg/d 8.42 ± 7.73 
% FM 13.1 ± 6.7 
FM, g 272 ± 173 
FFM, g 1671 ± 300 
Mean ± standard deviation 
 
Sex may have an effect on growth and body composition. Descriptive characteristics for 
boys and girls are shown in Table 3.2.  
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Table 3.2    Characteristics of male and female infants 
 Female Male 
n 47 50 
Birth Gestational age, wks 29.2 ± 1.9 29.4 ± 1.8 
Birth weight, g 1253 ± 347 1411 ± 357* 
Birth HC 26.4 ± 1.9 27.0 ± 2.0 
Birth weight z-score 0.06± 0.77 0.33 ± 0.78 
 Clinical Illness Marker  
Supplemental oxygen, hours 112 ± 239 89± 220 
Intubation, hours 35 ± 72 60 ± 185 
Probiotics, days 55.0 ± 34.5 46.0 ± 35.3 
Days on Antibiotics 7.3 ± 9.5 7.2 ± 8.8 
 At Measurement  
PMA, wk 34.6 ± 1.4 34.3 ± 1.6 
PNA, wk 5.3 ± 2.5 4.7 ± 2.8 
Weight, g 1910 ± 396 1972 ± 442 
Length, cm 42.8 ± 2.5 43.0 ± 2.7 
HC, cm 30.3 ± 1.6 30.7 ± 2.0 
Weight z-scores -0.93 ± 0.66 -0.90 ± 0.67 
Length z-scores -0.89 ± 0.84 -0.78 ± 1.05 
HC z-scores -0.49 ± 0.74 -0.45 ± 0.92 
Difference in weight z-score -1.26 ± 0.66 -1.04 ± 0.76 
Weight velocity, g/kg/d 9.14 ± 7.66 7.75 ± 7.81 
% Fat 14.2 ± 6.8 12.0 ± 6.5 
FM, g 289 ± 175 256 ± 171 
FFM, g 1623 ± 277 1717 ± 316 
*Significantly different to females, p<0.05 
Mean ± standard deviation 
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3.3.1.1   Antenatal factors predicting growth and body composition 
Antenatal characteristics of the VPT infants are shown in Table 3.3. A correlation analysis 
was performed to show any association between these antenatal factors and the growth 
predictors (change in weight z-score weight velocity), and body composition (%FM, FM, 
FFM). There was a significant correlation between adiposity (%FM, FM) and gestational 
diabetes, birth gestational age and birth weight z-score. FFM correlated significantly with 
birth gestational age, birth weight z-score, sex, mode of delivery and PMA. For growth 
outcomes, weight velocity correlated significantly only with birth gestational age. 
 
Table 3.3    Antenatal characteristics in VPT infants with growth and body composition 
assessed  
n= 97  
Pre-pregnancy BMI, kg/m² 24.8 ± 5.1 
Maternal Age at delivery, years 29.5 ± 7.1 
Type 1 diabetes, n 2 
Type 2 diabetes, n 0 
Gestational diabetes, n 6 
Pre-pregnancy hypertension, n 0 
Delivery mode 
Vaginal delivery, n  
C-section, n 
 
28 
85 
Pre-eclamptic Toxaemia (PET), n 17 
Antenatal corticosteroid treatment categories: 
none/<24h/>24h/>7d (n) 
4/31/61/1 
  Mean ± standard deviation 
 
3.3.1.2    Postnatal factors predicting VPT infant growth and body composition 
Table 3.4 shows VPT infant morbidity factors during the study period. There was a significant 
positive correlation between %FM, weight velocity, and PNA. A negative correlation between 
%FM and hours on intubation and hours on supplemental oxygen was also present. FM 
correlated positively with only female sex and PMA. FFM showed no significant univariate 
correlation. For growth outcomes, weight velocity correlated significantly with days on 
antibiotics negatively, hours on oxygen supply negatively and PNA positively. Change in 
weight z-score correlated only with days on antibiotics negatively. 
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Table 3.4   Postnatal characteristics in VPT infants assessed for growth and body 
composition outcome 
 n=97 
Supplemental oxygen, hours 100 ± 229 
Intubation, hours 48 ± 142 
Probiotics, days 50.4 ± 35.0 
Antibiotics, days 7.3 ± 9.1 
Septicaemia, n                                                                                                     1
NEC, n                                                                                                          0 
Mean ± standard deviation 
 
Both antenatal and postnatal factors that were significantly correlated with growth or body 
composition outcomes were entered into a multiple regression analysis to examine any 
association with growth and body composition before term corrected age in these 97 VPT 
infants. Gestational diabetes and PNA were the only significant predictors of %FM (Table 
3.5).  
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Table 3.5   Antenatal and postnatal factors in multiple regression analysis 
associated with %FM at 32-36weeks in VPT infants n=97   
 
 
%FM 
Standardized 
Beta coefficient 
p value R² 
 
PNA 
 
Gestational diabetes 
 
0.74 
 
0.30 
 
 
<0.001 
 
<0.001 
       
         0.56 
 
 
On further multivariate modelling, gestational diabetes, PNA and birth weight z-score were 
the only predictors for FM as shown in Table 3.6. 
 
Table 3.6   Antenatal and postnatal factors in multiple regression analysis 
associated with FM (g) at 32-36 weeks in VPT infants n=97  
 
FM 
Standardized 
Beta 
coefficient 
p value R² 
PNA 
Gestational diabetes 
Birth weight z-score 
 
0.72 
0.31 
0.18 
 
 
<0.001 
<0.001 
0.007 
 
 
 
0.68 
 
 
 
 
PMA, birth weight z-score and male sex were factors significantly associated with FFM 
before term corrected age in these VPT infants as shown in Table 3.7. 
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Table 3.7   Antenatal and postnatal factors in multiple regression analysis 
associated with FFM (g) at 32-36 weeks in VPT infants n=97  
 
FFM 
Standardized 
Beta 
coefficient 
p value R² 
PMA 
Birth weight z-score 
Sex 
0.59 
0.40 
0.14 
<0.001 
<0.001 
0.042 
 
0.57 
 
 
 
In multivariate modelling of antenatal and postnatal non-nutrient factors for any association 
with growth outcomes (weight velocity and change in weight z-score) before term corrected 
age, PNA was the only significant predictor of weight velocity (R=0.45, p=<0.001). No 
significant predictors of change in weight z-score were found. 
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3.4   Discussion 
 
Several studies have examined the effect of antenatal and postnatal factors on infant growth 
(Ehrenkranz, Dusick et al. 2006). To our knowledge, this is the first study that examined the 
effect of antenatal and postnatal characteristics on body composition in VPT infants.  
 
Although we could not detect any statistically significant difference between boys and girls, 
other than in birthweight, our regression analysis indicated that sex was a significant 
contributor to FFM with boys being larger than girls. Hormone differences between sexes 
could explain these observations. The concentration of the testosterone in the amniotic fluid 
of the male fetus has been found to be higher than in females (Reyes, Winter et al. 1973). 
The findings in our cohort are consistent with previous studies showing lower %FM in boys 
than girls after term birth (Carberry, Colditz et al. 2010, Simon, Borrego et al. 2013).  
 
Birth weight z-score was significantly positively associated with absolute FM and FFM at 32-
36wks in the VPT infants of this study. The majority of infants with a low birth weight z-score 
(eg SGA infants) have experienced intra uterine growth restriction when compared to infants 
who have a higher birth weight z-score. However, in the few studies available, it has been 
reported that preterm SGA infants, at term equivalent age, have a higher FM compared to 
term AGA infants (Yau and Chang 1993). It is possible that our opposite finding is a result 
of measuring infants at an earlier time point when FM is still reflecting their small size and 
there has not been enough time for the increased FM seen at term to develop. This is 
consistent with the lack of association between birth weight z-score and %FM – a measure 
of adiposity that is standardised for weight. Absolute FFM has also been reported to be lower 
in late preterm SGA infants on the fifth day of life than full term infants at birth (Giannì, 
Roggero et al. 2015) consistent with our results. 
   
Maternal obesity and gestational diabetes have both been associated with an increased 
%FM in infants born at term (Catalano and Ehrenberg 2006, Lingwood, Henry et al. 2011). 
In our preterm cohort, there was a positive association between gestational diabetes and 
adiposity in VPT infants at 32-36wks PMA. This is consistent with other reports that have 
noted that mothers with more elevated maternal blood glucose levels gave birth to infants 
with higher %FM and absolute FM at near term birth (Lingwood, Henry et al. 2011). Modi et 
al have also reported that maternal BMI has a positive association with infant adiposity in 
full term infants (Modi, Murgasova et al. 2011). In another report, Catalano et al found that 
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maternal obesity is positively associated with infant adiposity at birth (Catalano, Farrell et al. 
2009). However, in our study we did not find an association. It is possible that an increase 
in FM may have been present at birth in our VPT cohort, but by the time of measurement, 
postnatal influences had become more dominant. It is interesting that the influence of 
gestational diabetes is more long-lasting. 
 
VPT infant morbidity factors have not been previously examined as to their effect on preterm 
infant body composition. In our study, there was an association between morbidity factors 
and %FM in univariate analysis, however only PNA was a significant predictor of %FM when 
all factors were entered into a multivariate regression analysis, suggesting that other factors 
may only be a marker for PNA. One previous study by Uthea et al., reported that an 
increasing level of illness was associated with an increase in adiposity in preterm infants 
born below 32 weeks gestation and measured at term corrected age (R= -0.58, p<0.001) 
(Uthaya, Thomas et al. 2005). This study did not include PNA in its analysis as occurred in 
our analysis, so they may have missed the confounding effects of PNA. It remains probable 
from our study, that for this cohort of VPT infants, their severity of illness had a much lesser 
effect on fat accretion than did PNA.   
 
A limitation of this study has been the low numbers of the SGA and LGA infants making it 
difficult to robustly assess the effect on body composition in VPT infants who are born SGA 
or LGA. Also, we had insufficient numbers of some individual maternal factors in our cohort 
to validly assess their effect on later infant outcome. 
 
In conclusion, this study supports the hypothesis that adiposity in very preterm infants is 
determined predominantly by postnatal age and the birth weight z-score of the infant while 
FFM is determined by postmenstrual age, sex and birth weight z-score. The only maternal 
factor that was shown to influence body composition in very preterm infants measured at 
32-36 weeks post menstrual age was the presence of gestational diabetes.  
  
54 
 
 
 
 
 
  
 
Chapter 4 
 
The effect of macronutrient intake on ex utero growth and body 
composition in very preterm infants 
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4.1   Introduction 
 
In preterm infants, the goal of nutrition is to optimize growth and neurodevelopment whilst 
avoiding adverse outcomes. Despite these goals, preterm infants continue to experience 
high rates of extra-uterine growth restriction and an increased risk of adverse 
neurodevelopmental outcome (Ehrenkranz, Dusick et al. 2006). Achieving the 
recommended macronutrient intake remains difficult and in many small, unwell infants 
macronutrient intake is below recommended levels, especially during the first weeks of life 
(Agostoni, Buonocore et al. 2010). This accumulated nutrient deficit contributes to the 
observed poor extra-uterine growth rate and has been strongly associated with their adverse 
neurodevelopment as well as their later lifetime risk of adverse metabolic consequences 
(Lapillonne and Griffin 2013, Cooke 2016). 
 
Preterm infants, despite having a lower weight and length at term equivalent age when 
compared to full term infants, also have an increased adiposity (%FM). They also have a 
reduced lean mass by term equivalent age (Johnson, Wootton et al. 2012). The potential 
impact of alterations in body composition in early infancy has been reported in a number of 
recent observational studies. These include the consistent observation that higher adiposity 
in term infants and during the first 2 years of infancy is associated with an increased risk of 
obesity and metabolic syndrome (type 2 diabetes, adverse cardiovascular outcomes) in later 
life (Lean 2000). Equally important in preterm infants, has been the observation that a 
restriction in lean body mass growth has a stronger association with adverse 
neurodevelopment than does overall weight restriction (Ramel, Gray et al. 2016). It is, 
therefore, important to further characterise the interaction between current nutritional intakes 
and body composition as a measure of quality of growth in very preterm infants (VPT 
infants). 
 
There is limited evidence regarding the effect of macronutrient intake on both growth and 
body composition during the first 8 weeks following VPT birth. Therefore, the aim of this 
study was to assess the effect of energy, protein, fat and carbohydrate intakes on growth 
and body composition in infants born at < 32 weeks gestation and assessed before term 
equivalent age. 
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4.2   Methods 
 
Preterm infants were recruited from the Royal Brisbane and Women’s Hospital, Australia 
between 01/04/2011 and 11/07/2016. Infants were considered eligible if their birth 
gestational age was less than 32 weeks, they were medically stable, required no 
supplemental oxygen or respiratory support (constant positive airway pressure, or high flow 
nasal cannulae), were receiving <50 ml/kg/day intravenous therapy at each body 
composition measurement, and had more than 21 days of nutritional data available. When 
infants were still receiving intravenous infusions of <50ml/kg/d, their intravenous lines were 
flushed and capped during measurements. Exclusion criteria were the presence of 
chromosomal anomalies, a known enteral malabsorption, major gastrointestinal surgery or 
cyanotic congenital heart disease.  
 
Body composition was measured at 34-37 weeks post menstrual age (PMA). Body 
composition measurements were performed using the PEA POD Infant Body Composition 
System (Cosmed, Italy). Infant preparation for measurement followed standard 
manufacturer’s recommendations. Hospital identification bracelets, umbilical cord clip, 
nasogastric tubes and ECG-electrodes when present were tared before undertaking mass 
and volume measurements. Infants were naked during all measurements. Infant mass was 
assessed using the integrated scale which is accurate to 0.1g. Infants were then placed in 
a closed chamber to determine body volume by measuring changes in pressure within the 
chamber. Whole-body density was derived by dividing body mass by body volume. 
Assuming a two-compartment model, the proportions of fat and fat free compartments were 
derived from body density by algorithms integral to the PEA POD  system. Anthropometric 
measurements included weight (using the PEA POD  scale), crown-heel length to 0.1cm 
(using a supine length board) and maximal occipital-frontal head circumference (HC) to 
0.1cm. 
 
Nutrient intakes were calculated from birth until infants were 34 weeks PMA. Daily intake 
volumes of all parenteral and enteral nutrition were obtained from the infant medical records. 
The total daily intake of energy, protein, lipids and carbohydrate in kcal or g/kg/day were 
calculated using published nutrient composition for each solution or enteral feed. For 
parenteral nutrition, macronutrient compositions are shown in Table 4.1. 
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Table 4.1      Parenteral nutrition macronutrient composition  
 
10% 
Dextrose 
80:20 
Dextrose/ 
Saline 
Maintenance 
PN 
Starter 
Parenteral 
Nutrition 
Lipid 
Emulsion 
 
Energy 
kcal/100ml 
 
 
39. 9 
 
31.9 
 
57.9 
 
63.1 
 
173.9 
Protein 
g/100ml 
  2.0 – 3.0 3.3  
CHO 
g/100ml 
 
10.0 8.0 12.5 12.5 2.2 
Lipid 
g/100ml 
    18.3 
 
 
 
Enteral feeds included Expressed Breast Milk (EBM) and Pasteurized Donor Human Milk 
(PDHM), with full strength fortifiers (FEBM or FPDHM), half strength (1/2FEBM or 
1/2FPDHM) or no fortifier. S-26 SMA Human Milk Fortifier was used for fortification of milk. 
As mother’s own expressed breast milk macronutrient composition is known to vary 
depending on the postnatal day of expression and the proportion of hind milk in the sample, 
the assumed macronutrient values for EBM were derived from recent published average 
values for EBM from two until eight weeks postpartum (Boyce, Watson et al. 2016) (Table 
4.2). The effect of pasteurization, freezing and thawing on the macronutrient content of 
PDHM was based on a published estimation of a reduction of 5.5% of lipid content and 3.9% 
of the protein content from EBM (Vieira, Soares et al. 2011) (Table 4.2). Preterm infant 
formulas were also used for enteral feeds when breastmilk was not available and the 
concentration of macronutrients in these formulas was taken from manufacturer’s 
specifications (Table 4.2). From this information, the total amount of energy, protein, lipid 
and carbohydrate in kcal or g/kg/day and an average of these amounts for day 1- 3, day 1-
7, day 1-14 and day 1-34 weeks were calculated. 
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Table 4.2     Enteral nutrition macronutrient composition 
 EBM FEBM PDHM FPDHM 
LBW 
S26 
S26 
Nan 
Energy 
kcal/100ml 
 
65.5 80 63.6 78.1 82 67 
Protein 
g/100ml 
1.27 2.27 1.23 2.23 2.2 1.5 
CHO  
g/100ml 
 
7.34 9.64 7.34 9.64 8.4 7.2 
Lipid 
g/100ml 
3.46 3.61 3.27 3.42 4.4 3.6 
 
 
Weight z-score at birth and at body composition measurement were calculated for each 
infant using the Fenton charts (Fenton and Kim 2013). The differences in weight z-scores 
between birth and time of body composition measurement were also calculated. Weight 
velocity in g/kg/day was calculated using Patel's equation (Patel, Engstrom et al. 2009): 
Weight velocity = [1000 x ln (Wn/W1)]/ (Dn-D1)  
Where Wn = weight at body composition measurement, W1 = Birth weight and Dn-D1 = 
PNA in days or days from birth to measurement. 
 
4.2.1   Statistical Analysis  
Data were analysed using Statistical Package for Social Sciences (SPSS), version 23 (IBM). 
Values are expressed as mean  SD in tables. Univariate analyses using Pearson’s 
Coefficient were used to identify the variables correlated with growth and body composition 
outcomes. Each nutrient was examined separately with postnatal age (PNA) or 
postmenstrual (PMA) age in a series of multiple regression analyses. Significance was 
accepted when p <0.05. 
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4.3 Results 
 
48 infants were included in the study. This number is less than the 97 in the previous chapter 
due to the requirement of having more than 21 days of nutritional intake data available and 
the inclusion only of VPT infants who had body composition measurement at 34-37 weeks. 
 
Over the study period, weight z-score fell by an average of 1.1 and HC z-score fell by 0.6 
SD. Descriptive data for the 48 infants studied is shown in Table 4.3. 
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Table 4.3     Infant characteristics at birth and time of body composition assessment  
Infant cohort n=48 
Birth GA, wk 28.5 ± 1.8 
Birth weight, g 1161 ± 290 
Birth weight z-scores 0.16 ± 0.83 
Birth HC, cm 26.4 ± 1.7 
Birth HC z-scores 0.36 ± 1.18 
Male gender n (%) 24 (50%) 
At measurement 
PMA, wk 35.6 ± 0.8 
PNA, wk 6.9 ± 2.02 
Weight, g 2167 ± 350 
Length, cm 43.9 ± 2.1 
HC, cm 31.7± 1.6 
Weight z-score -0.90 ± 0.73 
Length z-score -0.96 ± 0.86 
HC z-score -0.32 ± 0.86 
Change in weight z-score -1.10 ± 0.86 
Change in HC z-score -0.6 ± 1.2 
Weight velocity, g/kg/d 13.11 ± 2.80 
% FM 17.1 ± 5.8 
FM, g 379 ± 157 
FFM, g 1787 ± 265 
Mean ± standard deviation 
             
The average intake of energy in kcal/kg/day, protein, lipid and carbohydrate in g/kg/day for 
day 1-3, day 1-7, day 1-14 and day 1-32 weeks were calculated and compared to the 
Committee of Nutrition of the European Society for Paediatric Gastroenterology, Hepatology 
and Nutrition (ESPGHAN) guidelines on the nutritional requirements of preterm infants 
based on fetal accretion rate (Table 4.4) (Agostoni, Buonocore et al. 2010). Energy intake 
was below the recommended intake during the first 2 weeks but was within the lower margin 
over day 1-34wks. Protein intake did not meet the recommendation during any of the study 
periods. Lipid intake was below recommended levels prior to 14 days but met the 
recommendation over the whole birth to 34-week period. Carbohydrate intake met the 
recommendation except for the first 3 days during which it was below recommendation. 
(Table 4.4). 
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Table 4.4     Infant nutrient intake compared with the recommended intake of the 
European Society for Paediatric Gastroenterology, Hepatology and Nutrition 
(ESPGHAN) 
Mean ± standard deviation 
    
 
4.4.1   Nutritional predictors of growth 
There were strong correlations between individual nutrient intakes and therefore we were 
unable to investigate the relative influence of different nutrients on growth and body 
composition by including all nutrient variables in a single model.  
 
Weight velocity and the change in weight z-score between birth and the later body 
composition assessment point were chosen as growth outcomes in this study as these 
derived measures of growth have clear comparators in published reports and have been 
recommended for monitoring growth by expert consensus (Cormack, Embleton et al. 2016). 
 
 Nutrient intake /kg/day 
Recommended Intake 
/kg/day 
Energy, kcal   
Day 1-3 55 ± 14  
110-135 
 
Day 1-7 86 ± 12 
Day 1-14 105 ± 8 
Day 1-34 weeks 112 ± 9 
Protein, g   
Day 1-3 1.1 ± 0.6  
4.0–4.5 (<1 kg) 
3.5–4.0 (1–1.8 kg) 
 
Day 1-7 2.0± 0.6 
Day 1-14 2.4 ± 0.5 
Day 1-34 weeks 2.4 ± 0.4 
Carbohydrates, g   
Day 1-3 8.9 ± 1.9  
11.6–13.2 
 
Day 1-7 13.2 ± 2.3 
Day 1-14 14.7 ± 2.1 
Day 1-34 wk 13.8 ± 1.4 
Lipid, g   
Day 1-3 1.7 ± 0.9  
4.8–6.6 
 
 
Day 1-7 2.6 ± 0.7 
Day 1-14 4.1 ± 0.7 
Day 1-34 wk 5.2 ± 0.5 
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From the univariate analysis, weight velocity was significantly correlated with energy, protein 
and fat intake during the first week postnatally (Table 4.5).  
 
Table 4.5    Univariate correlations for nutrient intakes with weight velocity  
Weight velocity R p value 
Energy 1-3 0.363 0.011 
Energy 1-7 0.375 0.009 
Protein 1-3 0.372 0.009 
Protein 1-7 0.395 0.005 
Fat 1-3 0.379 0.008 
Fat 1-7  0.331 0.022 
 
 
Change in weight z-score was significantly correlated with fat intake in the first 2 weeks 
(R=0.29, p=0.04). Birth gestational age was the age predictor with the highest R-value for 
weight z-score change.  
 
 
4.4.2   Nutritional predictors of body composition 
In the univariate analyses, the only significant predictor of FM and %FM was PNA. PMA was 
the only significant predictor of absolute FFM at the time of measurement.  
 
To further investigate the influence of individual nutrient intakes on body composition 
outcome in these very preterm infants, multiple regression analyses were performed to 
examine the relationship between body composition measures and each individual nutrient 
intake while correcting for the effect of either PNA or PMA. The outcomes from these 
analyses are shown in Tables 4.6- 4.7. 
 
For prediction of %FM and absolute FM, the best models included PNA and a nutrient factor. 
There was a trend for protein intake on days 1-3 to correlate negatively with %FM when 
PNA was accounted for as shown in Table 4.6. Energy, protein and fat intake on days 1-3 
were negatively correlated with FM at measurement as shown in Table 4.7. Later epochs of 
individual macronutrient intake were not significant predictors of %FM or absolute FM at 
measurement in multivariate regression models.  
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Table 4.6   Macronutrient intakes that were significant predictors of %FM after PNA 
was accounted for (multivariate regression)   
%FM 
Standardized Beta 
coefficient 
p value R² 
PNA 0.635 0.000 
0.342 
Protein 1-3 -0.258 0.065 
  
 
For prediction of FFM the best models included PMA but none of the nutritional factors 
predicted FFM at a significant level when PMA was accounted for. 
 
Table 4.7 Macronutrient intakes that were significant predictors of FM (g) after PNA 
was accounted for (multivariate regression)   
FM Standardized Beta coefficient p value R² 
 
PNA 
Energy 1-3 
 
0.641 
-0.262 
 
0.000 
0.045 
 
0.362 
 
PNA 
Protein 1-3 
 
0.681 
-0.298 
 
0.000 
0.029 
 
0.373 
 
PNA 
Fat 1-3 
 
0.644 
-0.311 
 
0.000 
0.015 
 
0.389 
  
   
4.4.3   Epochs of Parenteral Nutrient Solutions 
 
Over the study period, there were significant alterations in the composition of the parenteral 
nutrition solution used. In particular, the protein concentration of the parenteral solution was 
increased from 2g/100 ml in period 1, to a starter parenteral nutrition solution with a protein 
content of 3.3g/100ml that was administered up to day 5, followed by a maintenance PN 
with 2g/100ml of protein during period 2. In period 3, starter PN with 3.3g protein/100ml was 
used for the first 5 days then maintenance PN with 3.0g protein/100ml until full enteral feeds 
were established. These changes in parenteral nutrient intake along with earlier enteral 
feeding initiatives were associated with significant increases in energy, protein and fat 
intakes in the first 3 days and fat intake in the first week (Table 4.8). These changes were 
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also associated with a decrease in carbohydrate intake over the first 2 weeks after birth 
(Table 4.9). The starting day of the administration of the parenteral nutrition was significantly 
earlier in period 3 (2.04±1.22 vs 0.92 ± 0.90 days, p=0.01). 
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Table 4.8   Energy and macronutrient intake during the 3 periods in VPT infants  
  
 
Period 1 Period 2 Period 3 
  Infants, n 25 7 16 
Energy intake           
1-3 days, kcal/kg/d 
50 ± 14 59 ± 13 61 ±1 2* 
Protein intake    
1-3 days, g/kg/d 
0.87 ± 0.49 1.20 ± 0.68 1.49 ± 0.78* 
Fat intake 
1-3 days, g/kg/d 
1.44 ± 0.95 1.91 ± 0.68 2.07 ± 0.77* 
Fat intake 
1-7 days, g/kg/d 
2.40 ± 0.73 2.70 ± 0.47 2.93 ± 0.74* 
CHO intake 
1-14 days, g/kg/d 
15.40 ± 1.90 15.06 ± 1.83 13.88 ± 2.12* 
*Significantly different to period 1. p <0.05 
 Mean ± standard deviation 
 
This change in practice was not associated with any significant detectable changes in body 
composition outcomes at 34-37 weeks PMA (Table 4.9). The change in practice was 
associated with a significant improvement in the HC z- score change between birth and later 
measurement at 34-37 weeks PMA from -1.06 ± 0.96 to -0.05 ± 1.50.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
66 
Table 4.9    Growth and body composition during the three epochs of varying 
parenteral nutrient concentration. 
  Period 1 Period 2 Period 3 
Infants, n 25 7 16 
Birth GA, wk 28.5 ± 1.7 27.6 ± 2.2 28.9 ± 1.8 
Birth weight, g 1170 ± 311 1178 ± 359 1140 ± 237 
Birth weight z-scores 0.19 ± 0.86 0.58 ± 0.53 -0.08 ± 0.86 
Birth HC, cm 26.8 ± 1.6 26.2 ± 2.7 25.9 ± 1.5 
Birth HC z-scores 0.64 ± 1.12 0.74 ± 0.77 -0.23 ± 1.2* 
Male gender n (%) 14 (56%) 4 (57%) 6 (37%) 
At measurement 
PMA, wk 35.7 ± 0.6 35.3 ± 1.1 35.4 ± 1.0 
PNA, wk 6.9 ± 2.1 7.6 ± 1.8 6.4 ± 2.0 
Weight, g 2182 ± 311 2187 ± 473 2133 ± 370 
Length, cm 44.4 ± 2.4 43.9 ± 2.0 43.3 ± 1.5 
HC, cm 31.7 ± 1.3 31.8 ± 2.3 31.7 ± 1.6 
Weight z-score -1.06 ± 0.71 -0.81 ± 0.82 -0.95 ± 0.75 
Length z-score -0.90 ± 0.98 -0.85 ± 0.75 -1.08 ± 0.71 
HC z-score -0.41 ± 0.76 -0.10 ± 1.21 -0.28 ± 0.87 
Difference in weight z-score -1.15 ± 1.00 -1.41 ± 0.65 -0.87 ± 0.66 
Difference in HC z-score -1.06 ± 0.96 -0.84 ± 1.09 -0.05 ± 1.50* 
Weight velocity, g/kg/d 13.14 ± 2.64 11.52 ± 3.30 13.75 ± 2.69 
% FM 18.5 ± 5.3 16.1 ± 4.4 15.4 ± 6.9 
FM, g 405 ± 136 365 ± 163 344 ± 185 
FFM, g 1777 ±267 1822 ± 336 1788 ± 244 
*Significantly different to period 1. p <0.05. 
  Mean ± standard deviation. 
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4.5   Discussion 
 
Nutrient intakes have a significant effect on growth in very preterm (VPT) infants but no 
reports to date have been able to mimic calculated fetal nutrient intakes from day one despite 
incremental improvements over many decades. In this study, we found that greater energy, 
protein and fat intake in the first week postnatally were associated with improved weight 
velocity over the inpatient stay in very preterm infants. The results are similar to other studies 
that have also shown that increases in protein intake in preterm infants have been 
associated with an improved growth velocity and lesser weight z-score change between 
birth and discharge (Roggero, Giannì et al. 2012, Cormack and Bloomfield 2013).  
 
Nutritional interventions in VPT infants aimed at optimising body composition as well as 
growth are highly likely to have important long term benefits on neurodevelopmental 
outcomes (Ramel, Gray et al. 2016), and to impact the risk of metabolic syndrome in later 
life (Embleton 2013). The current study is the first to describe the associations between 
macronutrient intakes and the overall growth outcomes including body composition 
outcomes for VPT infants.  
 
The strongest predictor of FFM at 34-37 weeks in our cohort of VPT infants was an infant’s 
PMA. PMA was a stronger predictor of absolute FFM at 34-37wks PMA than any individual 
nutrient intake suggesting that in this population overall growth has a strong dependence on 
a combination of gestation at birth and time spent feeding by any route postnatally. In 
controlled studies in term infants, a protein intake of 3.7 to 4.2 g/kg/d was associated with a 
higher FFM accretion than a protein intake of 3.4 g/kg/day (Costa-Orvay, Figueras-Aloy et 
al. 2011). In preterm infants born <33 weeks gestation, it was reported that protein intake 
(3.4 ± 0.3 g/kg/day) and carbohydrate intake (12.9 ± 1.0 g/kg/day) was positively associated 
with FFM (McLeod, Simmer et al. 2015). In our cohort of VPT infants, we were unable to 
demonstrate a significant relationship between individual macronutrient intakes and FFM. 
We speculate that within our range of nutrient intake for this cohort, a mean protein intake 
of 2.4 g/kg/day may have resulted in many VPT infants remaining below a threshold of intake 
that would be required to allow a clear improvement in FFM accretion. 
 
In contrast, for the two indicators of adiposity (i.e. %FM and FM) in these VPT infants, PNA 
was a stronger predictor than PMA. After adjusting for PNA, some individual nutrient intakes 
continued to show significant associations with %FM and absolute FM. These associations 
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were negative and were only found for intake in the first three days after birth. In this cohort 
of VPT infants, a higher nutrient intake of protein and of fat was associated with a lower 
adiposity at 34-37 weeks post menstrual age. This finding supports the previous observation 
in this thesis, that accumulation of fat in VPT infants is initiated by factors associated with 
birth (see Chapter 2). However, these results also support that the early intakes of protein, 
energy and fat may modify %FM and absolute FM outcomes near term equivalent age in 
these infants. 
  
The negative association between early protein, fat and energy intakes and %FM and FM 
at 34-37 weeks suggest that the drive to accumulate fat after birth is intensified by 
inadequate intakes of these nutrients. This is consistent with the theory that early fat 
accumulation after birth is an adaptive process designed to protect against intermittent 
nutrient intake following separation from the constant nutrient supply provided by the 
placenta. This early adiposity drive, before term corrected age, has been postulated to build 
an energy store that has advantages in thermoregulation and improved survival at least 
during the neonatal period. While this drive to accumulate an energy reserve may be 
obligatory, our results suggest that it may be reduced by an increased early protein and fat 
intake. Similar findings have been reported in preterm infants but at a later age, where higher 
protein intake after discharge and up to one month corrected age was associated with lower 
%FM and lower weight gain (Roggero, Giannì et al. 2008). It is noteworthy that for the VPT 
infants in this study, an increased early fat intake was associated with lower not higher 
adiposity measures at 34 to 37 weeks post menstrual age.  
 
Accumulation of fat after birth may be initiated by a change from the continuous nutrient 
supply provided by the placenta to intermittent feeding postnatally, and associated 
fluctuations in nutrient and critical endocrine modulators. Preterm infants at birth have lower 
serum leptin levels when compared with term infants, children and adults. It has been 
speculated that fat accumulation in preterm infants is facilitated during an early period of low 
leptin production (Spear, Hassink et al. 2001). Also, it has been suggested that this low leptin 
in preterm infants at birth has a physiological advantage by limiting energy expenditure and 
conserving nutritional reserves for growth. Leptin levels have later been reported to increase 
after 34 weeks gestation. Also, rising absolute FM and leptin levels have been observed 
during the first 6 months of postnatal life in preterm infants (Ng, Lam et al. 2000, Van Poelje, 
Van De Lagemaat et al. 2014). IGF-1 may also have a role in early fat accretion with reports 
in term infants indicating that cord blood IGF-1 was positively and significantly associated 
69 
with %FM (r = 0.51, p< 0.001). This finding supports a possible preferential role of IGF-1 in 
neonatal fat accumulation (Kadakia, Ma et al. 2016). 
 
Early delivery of nutrition, in the first week after birth, may be a critical determinant of 
postnatal growth and body composition in preterm infants. In VPT infants, increased supply 
of early postnatal nutrition was associated with improved growth at 36 weeks PMA 
(Roggero, Giannì et al. 2008, Rochow, Fusch et al. 2012). In this study, lower fat 
accumulation was associated with increased nutrient intakes in the first two weeks after 
birth, but the first 3 days seem particularly influential. Intakes over the whole period from 
birth to 34 weeks did not appear to consistently alter growth or body composition. Our data 
indicate that adequate nutrient administration, and especially protein intake, early following 
birth and particularly during the first 3 days, may reduce fat accumulation in VPT infants 
significantly, but that the potentially programmed accumulation of adiposity is more strongly 
related to time since birth than to individual nutrient intakes. 
 
Limitations of this study include the inability to safely measure body composition in newborn 
infants requiring ventilator and other intensive life support. This has limited our ability to 
assess actual growth in body composition compartments from birth in these VPT infants.  
Although the inability to measure FFM accretion and FM accretion from birth remained, this 
study provides some of the earliest body compositional measures of VPT infants in current 
reported studies. In considering nutrient intakes for these VPT infants, the current study was 
also dependent on published values for the macronutrient composition of breast milk rather 
than on direct analysis of milk. We have used the averaged values for EBM and PDHM as 
assessed in mothers of VPT infants to obtain the estimates for this study (Vieira, Soares et 
al. 2011, Boyce, Watson et al. 2016). 
 
In conclusion, our study supports the hypothesis that in VPT infants the accumulation of fat 
is an adaptive response designed to protect against possible limited nutrient supply after 
separation from the placenta. This drive to accumulate fat appears to be intensified when 
nutrient intakes, particularly protein, are low. Low nutrient intakes in the first week after birth 
have the strongest influence on fat accumulation and thus early administration of protein 
and fat may reduce fat accumulation in very preterm infants and at higher intakes of protein 
than administered in this cohort may improve FFM in these infants.  
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Chapter 5 
 
Development of a prediction equation for estimating adiposity 
in very preterm infants 
 
  
71 
5.1   Introduction 
 
Preterm infants accumulate fat rapidly after birth and by term equivalent age have increased 
adiposity compared with term infants. We have shown in chapter 2 that this fat accumulation 
occurs from early as 32 weeks postmenstrual age (PMA). Adiposity at birth and during the 
first 2 years of age is associated with an increased risk of obesity, metabolic syndrome and 
cardiovascular disease in later life (Lean 2000). However, in a recent study of 34 VLBW 
infants, it was shown that FFM gain derived from ADP and not fat mass (FM) gain had a 
significant association with neurodevelopmental outcomes at one year corrected age 
(Ramel, Gray et al. 2016). Therefore, assessment of body composition should be seen as 
an important component of monitoring VPT infant growth. Body composition methods such 
as ADP are not always available and thus assessment of body composition using readily 
available anthropometric measurements remains an important clinical and research tool.  
 
There are a limited number of anthropometric models reported to estimate %FM in VPT 
infants and many of these models have included the use of skin fold thickness (eg. triceps 
skin fold, subscapular skin fold) as a major predictor in estimating adiposity in these infants. 
Catalano et al. developed an anthropometric model based on body composition derived by 
total body electric conductivity (TBEC) and included birth weight, suprailiac skin fold 
thickness and length among 194 infants within three days of birth (Catalano, Thomas et al. 
1995). Although skinfold thickness (SFT) measurements in neonates have been reported as  
a strong predictor for %FM, SFT requires considerable training, has poor reproducibility 
between observers and has been assessed to be less reliable than circumference 
measurements such as mid upper arm circumference and abdominal circumference (West, 
Manchester et al. 2011). Therefore, developing an anthropometric model that includes 
circumferences such as weight, length, head circumference (HC), abdominal circumference 
(AC) and mid upper arm circumference (MUAC), but does not include SFT, may be a useful 
research tool when evaluating adiposity in preterm infants where Air Displacement 
Plethysmography (ADP) cannot be accessed. 
 
The aim of this study was to develop a predictive equation for estimating %FM in VPT infants 
using readily available clinical anthropometric measurements, and to explore the strength of 
association with %FM when compared to other proxy measures such as weight/length, Body 
Mass Index (BMI) and ponderal index (PI) in VPT infants. 
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5.2   Methods 
 
VPT infants born <32 weeks gestation were eligible for this study. Other inclusion and 
exclusion criteria were as outlined in Chapter 3. Assessment of body composition for these 
VPT infants was undertaken as described in Chapter 3 and %FM was chosen as the 
adiposity indicator as it is independent of infant size. 
 
Anthropometric measurements were obtained as described in the previous chapters with the 
inclusion of mid upper arm circumference to 0.1cm (measured at the midpoint between the humeral 
head and olecranon) and abdominal circumference to 0.1cm (measured at the level of the umbilicus).  
Anthropometric proportion indices included in this chapter were: Weight (kg)/height (m), 
Body Mass Index (BMI) =Weight (kg)/Length (m)² and Ponderal Index (PI) = Weight 
(kg)/Length (m)³. 
 
To develop and test the prediction equations, subjects were divided in two groups randomly. 
Approximately two thirds of the subjects were used for the development of the prediction 
equation for %FM (development group). The remaining one third of the subjects were used 
for validation of the equation (validation group).  
 
5.2.1 Development of prediction equations 
The association between %FM and predictor variables in infants in the development group 
was initially investigated using correlation analysis. Variables included were weight, length, 
HC, MUAC, AC and the proportions of weight/length, BMI and PI. Correlation analysis was 
used to identify significant univariate correlates of %FM to be included in regression 
analysis. Where variables were collinear the strongest predictor was selected from 
univariate analysis. Step wise multiple regression analysis was then performed to identify 
adjusted significant predictors of %FM. Model variables were considered significant if their 
individual p value was ≤0.05. The final model was derived by maximising overall explanation 
of variability in concurrently measured %FM.   
 
5.2.2 Validation of prediction equations 
The prediction equation was applied in the validation group. Bland & Altman (Bland and 
Altman 1986) analysis was used to compare the predicted %FM with the measurement 
obtained by ADP. To determine whether the prediction under or overestimates the mean 
%FM of the PEA POD measurement, the bias or mean difference was ascertained. The 
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limits of agreement were calculated to indicate the possible extent of the variations between 
the predicted value and the PEA POD measurement for any preterm infant. 
 
Statistical analysis was conducted using SPSS (version 18).   
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5.3   Results 
 
Infant characteristics are as for study infants in Chapter 3 (Table 3.1). Repeat 
measurements were made in 16 infants to give a total of 113 data points. Univariate 
analysis of age related predictors and anthropometric measures with body composition is 
shown in Table 5.1. 
  
Table 5.1      Univariate correlation coefficient (R) of infant anthropometric 
measurements with body composition 
 %FM 
Birth gestation age, wks -0.535* 
Birth Weight, g -0.439* 
                              At measurement  
Post-natal age (PNA), wks 0.773* 
Post menstrual age(PMA), wks 0.622* 
Weight/Length, kg/m 0.644* 
BMI, kg/m² 0.622* 
PI, kg/m³ 0.488* 
MUAC, cm 0.648* 
weight velocity, g/kg/d  0.640* 
Head circumference, cm 0.581* 
Abdominal circumference, cm 0.461* 
Length, cm 0.332* 
*Significance p<0.05 
 
5.3.1 Equation development 
As age related predictors are correlated with each other, only the factor with the highest R 
value was entered into the regression model. This was PNA for FM and %FM and PMA for 
FFM. This same process was applied to weight and length based predictors (weight/Length, 
BMI and PI). Weight/length was consistently better than BMI and PI. AC, MUAC, weight, 
length and HC were significant univariate predictors of %FM as well as weight velocity. Sex 
did not significantly correlate with %FM, however gender was included in our modelling of 
%FM predictors due to the difference in %FM between sexes commonly reported. The best 
model for prediction of %FM included PNA, MUAC and weight velocity and is shown in Table 
5.2 along with models that include fewer factors. 
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Table 5.2     Regression models of independent variables (with weight velocity) for 
prediction model of %FM in VPT infants   
 
 
The inclusion of weight velocity adds considerable complexity to this equation and some 
uncertainty due to the different methods used to calculate weight velocity. We therefore 
repeated the regression analysis without weight velocity (Table 5.3). The fraction of 
variability in %FM explained by this model was very slightly higher (R² = 0.70) than the model 
that included weight velocity.  
 
Table 5.3    Regression models of independent variables (with Length) for prediction 
model of %FM in VPT infants 
 
 
 
Standardized Beta 
Variables R R² PNA 
wks 
MUAC 
cm 
Weight velocity 
g/kg/d 
PNA 0.77 0.59 0.77   
PNA+ MUAC 0.81 0.65 0.60 0.29  
PNA+ MUAC+ weight velocity 0.83 0.69 0.45 0.29 0.24 
Prediction equation:  %FM = 1.07 PNA + 1.71 MUAC+ 0.25 weight velocity – 9.25 
Standardized Beta  
Variables R R² PNA 
wks 
MUAC 
cm 
Length 
cm 
Sex 
1=F,2=M 
PNA 0.77 0.59 0.77    
PNA+ MUAC 0.81 0.65 0.60 0.29   
PNA+ MUAC+ Length 0.82 0.68 0.58 0.46 -0.23  
PNA+ MUAC+ Length + sex 0.83 0.70 0.56 0.50 -0.25 -0.14 
%FM= 1.3 PNA + 3.0 MUAC – 0.61 Length – 2.0 sex + 10.6  
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5.3.2 Model Validation 
When tested in the validation group, the equation including weight velocity had a bias of -
0.43%FM and limits of agreement of -5.6 to 4.8% (Fig 5.1). Despite the slightly higher R2 
value of the equation without weight velocity, this equation did not perform as well as the 
first equation with an increased bias of -2.76%FM and wider limits of agreement of -8.9 to 
3.4% indicating that this method of estimating %FM in preterm infants maybe as much as 
8.9 %FM below or 3.4%FM above the PEA POD measurement (Fig 5.2).  
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Figure 5.1      Bland and Altman plot comparing the prediction of %FM by the PEA POD      
with the predicted equation with weight velocity.  Bias is indicated by the solid horizontal line 
and limits of agreement by the dotted lines. 
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Figure 5.2     Bland and Altman plot comparing the prediction of %FM by the PEA POD    
with the predicted equation with Length+ sex.  Bias is indicated by the solid horizontal line 
and limits of agreement by the dotted lines. 
 
In view of the lower limits of variability and the reduced bias, the predictive equation for %FM 
containing PNA, MUAC and weight velocity was considered the most clinically applicable. 
. 
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5.4 Discussion 
 
This study is the first to develop a prediction equation for estimating percent body fat in VPT 
infants using readily available clinical anthropometric measurements at 32-36 weeks PMA. 
This study also is the first that has incorporated air displacement plethysmography (PEA 
POD) as a reference method to cross validate %FM in VPT infants. 
 
There have been two studies that correlated the measurements of FM in term infants from 
the PEA POD with anthropometric measurements including skinfold thickness in neonates. 
Deierlein et al. generated a model that included infant weight, gender, race/ethnicity, age, 
and skinfold thickness measurement. This equation was reported to have a predictive power 
of 81% for FM (Deierlein, Thornton et al. 2012). Aris et al. reported the same predictive 
power of 81% when including weight, gender, gestational age and subscapular skin fold 
thickness to a prediction model for FM at term (Aris, Soh et al. 2013). Our equation has 
similar predictive power to these previously published equations but examines a group of 
growing VPT infants between 32 and 36weeks PMA, during a much more relevant time for 
clinical intervention. In this cohort, we did not use skinfold measurements. Prior reports have 
found SFT measurement to be an uncomfortable assessment for the infants and that it 
required considerable training to minimise inter-observer error. SFT has also been reported 
to be less reliable for research than limb or body circumference measurements (West, 
Manchester et al. 2011). 
  
Several studies have used other methods for assessing FM combined with anthropometric 
measurements including SFT in post term infants. Based on total body electric conductivity 
(TOBEC), Catalano et al (Catalano, Thomas et al. 1995) developed an equation that 
included birth weight, suprailiac skin fold thickness and length which was reported to account 
for 78% of the variance in FM. FM measured by DEXA was also correlated with skin fold 
thickness (Schmelzle and Fusch 2002). This study reported that length and skinfold 
thickness at 0.2 and 4 months of age predicted 94% of the variability in absolute FM. The 
estimation of absolute FM does not include the element of FFM or total weight which is 
present in %FM and the measurement of FM and FFM compartments has been reported to 
vary considerably between ADP and DEXA assessments (Johnson, Wootton et al. 2012).  
  
MUAC measurement has been widely used in malnourished children to assess their 
nutritional status and lean mass (Chomtho, Fewtrell et al. 2006). MUAC has also been used 
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in low birth weight term born infants as a screening tool for low birth weight infants and as a 
useful indicator of body composition (Sauerborn, Ouiminga et al. 1990, Joglekar, Fall et al. 
2007). MUAC has been proposed as a measure for adiposity at hospital discharge in preterm 
infants born between 31-35 wks gestation. In that report, MUAC accounted for 60.4% of the 
variability in %FM as measured by the ADP (Daly-Wolfe, Jordan et al. 2015). Our study 
reported a higher predictive power than that study. MUAC with PNA and weight velocity 
predicted 69% of the variability in %FM by ADP assessment.  
 
We have demonstrated that in the very preterm infant assessed between 32 and 36 wks 
PMA, use of a simple weight/length ratio is a stronger predictor of %FM than BMI or PI. 
Weight/Length accounted for 41% of the variability in %FM by ADP whereas BMI accounted 
for 38% and PI 23%. This is in contrast with a recent study revealing that weight/length ratio 
is a weak predictor of %FM in preterm infants born at a mean gestational age of 33.8 weeks. 
It could be that body composition measurements in that study were performed at <72 h of 
age when fluid balance is still variable, and %FM was lower than in our study (8.28 ± 4.07 
vs 14.7 ± 7.2) (Ramel, Zhang et al. 2016). 
 
In the final model, we found that MUAC, PNA and weight velocity were significant 
contributors in estimating %FM in growing VPT infants before term corrected age. This 
method of anthropometric measurement has the potential to provide reliable estimates of 
%FM in a nursery population without access to ADP assessment. Although combining length 
and sex with MUAC and PNA increased the percentage of variability explained, this equation 
had a higher bias and wider limits of agreements which indicates that PNA with MUAC and 
weight velocity is the best model for estimating %FM in this population. 
 
This model has some limitations. It was based only on a population of infants born <32 
weeks gestation and measured at 32-36 weeks PMA and has not been validated at later 
ages. However, it does provide an opportunity to assess %FM during infant’s inpatient 
period when interventions can be closely monitored. This population does represent a large 
cohort of infants with varied birth growth outcomes across a wide range of %FM outcomes 
and this supports generalisability of the equation to other nursery populations. Although this 
population had a very low protein intake and this may have contributed to their high %FM, 
Figs 5.1 and 5.2 indicate that the prediction equations perform similarly across the range of 
%FM.   
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In conclusion, we have developed an innovative equation for predicting %FM in VPT infants. 
This equation allows for an assessment of the quantity and quality of growth in VPT infants 
during their nursery stay using non-invasive measurements. Nutritional interventions for 
growing VPT infants may be better directed by body composition assessments especially in 
light of the important long term outcomes associated with %FM and FFM discussed earlier.  
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Chapter 6     
 
Discussion and Conclusion 
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6.1   Discussion 
 
This thesis supports the previous observations that preterm infants have higher %FM and 
absolute FM than term infants when measured at term corrected age (Johnson, Wootton et 
al. 2012). However, I have also shown that fat accumulation occurs as early as 32 weeks 
PMA in VPT infants.  
 
What causes preterm fat accretion? 
In this thesis, I have examined several factors that might have an influence on fat accretion. 
I showed that higher adiposity of very preterm infants compared to the control infants that 
have developed in utero is not simply an increased proportion of fat due to reduced fat free 
mass. Increased fat accretion could result from either antenatal or postnatal steroid 
treatment (Olsen, Richardson et al. 2002). However, I found no association between fat 
accretion and steroid exposure in VPT infants suggesting that increased fat accretion is not 
due to exogenous steroid exposure. As infant morbidity is known to cause altered growth, it 
is feasible that it might also alter the composition of growth. However, infant morbidity was 
a poor predictor of %FM and FM prior to term. Maternal characteristics such as BMI and 
maternal illness are known to influence infant body composition at birth in babies born at 
term (Catalano and Ehrenberg 2006, Lingwood, Henry et al. 2011). Gestational diabetes 
was found to have an impact on infant adiposity in very preterm infants several weeks after 
birth. 
 
It is possible that high fat accretion in very preterm infants is the result of inappropriate 
nutrition. It might be assumed that high fat accretion would be associated with excess fat 
intake. On the contrary, I found a negative association between early fat intake and adiposity 
suggesting that fat accretion is stimulated by low fat intakes in the first three days after birth. 
I also found a negative association between early protein and energy intakes and infant 
adiposity. These findings were very surprising but could be explained if we consider the 
reasons for fat accretion. 
 
Is preterm fat accretion normal or abnormal? 
Postnatal age was the predominant predictor of fat accumulation in very preterm infants. 
Our data suggest that the pattern of fat accretion after birth in very preterm infants has a 
very similar trajectory to the adiposity changes that occur following birth in term infants. This 
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suggests that fat accretion may be triggered by birth itself independent of gestational age at 
birth.  
 
I suggest that this early deposition of fat should be considered as a necessary adaptation 
for preterm infants. Fat accretion and the development of a layer of insulation may have a 
role in the survival in both term and preterm infants following removal from the isothermic 
intrauterine environment. Fat accretion will also provide an energy reserve to protect against 
nutrient deficiency, particularly energy deficiency, following separation from the continuous 
nutrient supply provided by the placenta. 
 
Is preterm fat accretion a problem? 
Several studies have shown that low birth weight is associated with later cardiovascular and 
metabolic disease (Barker, Eriksson et al. 2002). Moreover, one study has shown that 
increased FM at 21 years is associated with reduced insulin sensitivity in adulthood 
(Leunissen, Oosterbeek et al. 2008). Adiposity in early life may then provide a more accurate 
marker for developing later adverse health outcomes than weight alone.  
 
Fat accretion is also a clinical problem because it obscures what is happening to FFM. It 
was shown in a recent study that neurodevelopmental outcome in VPT infants is closely 
associated with growth in FFM and showed no association with growth in FM (Ramel, Gray 
et al. 2016). If this is true then monitoring FFM gain is critically important in the quest to 
improve neurodevelopment in infants born preterm. Monitoring FFM gain rather than 
assessment solely by weight gain is feasible in very preterm infants from as early as 32 
weeks corrected age using Air Displacement Plethysmography. Therefore, it may be that 
focusing on lowering %FM is unnecessary. On the other hand, increasing the attention paid 
to absolute FFM gain may indeed be the best benchmark to assess the quality of growth in 
VPT infants. 
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6.2   Conclusion  
 
The American Academy of Paediatrics (AAP) recommends that “postnatal growth of preterm 
infants in both their anthropometric indices and body composition should be the same as 
the normal fetus of the same gestational age” (Ehrenkranz, Younes et al. 1999). However, 
if fat accretion is normal/obligatory, is it possible or even desirable to mimic in utero growth 
in terms of fat accretion? 
 
I suggest that mimicking FFM growth in terms of body composition is an important aspect 
that needs to be carefully monitored. Body composition assessment may become clinically 
necessary if the close association of FFM deficit with adverse neurodevelopmental outcome 
is confirmed. This would allow development of nutritional interventions directed at FFM 
accretion with its likely improvements in neurodevelopmental outcome for these infants. 
Future intervention trials aimed at improving growth outcome for VPT infants should include 
assessment of both anthropometric measures and body composition rather than 
assessment solely by weight gain. Monitoring of body composition is important, and is 
feasible in VPT infants as early as 32 weeks corrected age by using Air Displacement 
Plethysmography (ADP) or %FM equation using readily available anthropometric 
measurements. 
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